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Abstract 
 
There is currently considerable interest in new engine technologies to assist in the 
improvement  of  fuel economy and the reduction of carbon dioxide emissions from 
automotive vehicles.  Within the current automotive market, legislative and economic 
forces are requiring automotive manufacturers to produce high performance engines 
with a reduced environmental impact and lower fuel consumption.  To meet these 
targets, further understanding of the processes involved in in-cylinder combustion is 
required.  This thesis discusses the effect of fuel spray structure, flame propagation and 
turbulent flow on DISI engine combustion.  To investigate these flow processes within 
the fired single cylinder Jaguar optical engine a number of optical measurement 
techniques have been used, including high speed laser sheet flow visualisation 
(HSLSFV) and high speed digital particle image velocimetry (HSDPIV).  
 
Results obtained from dual location flame imaging has provided further understanding 
of the relationship between flame growth, engine performance and cycle-to-cycle 
variation. Detailed correlation analysis between flame growth speed and engine 
performance parameters demonstrated that it is the flow conditions local to the spark 
plug at the time of spark ignition that have greatest influence on combustion. It was 
also demonstrated that further gains in engine performance and stability can be 
achieved by optimising the fuel injection timing. 
 
The temporal and spatial development of flow field structures within the pent-roof 
combustion chamber at the time of spark ignition were quantified using HSDPIV.  
Decomposition analysis of the raw velocity data enabled the relationship between 
specific scales of turbulent flow structure and engine performance parameters to be 
investigated.  Correlations between the high frequency turbulence component and 
pressure derivatives are shown, demonstrating that it is the frequencies of motion 
>600 Hz that have the greatest influence on early flame development and therefore 
rate of charge consumption, engine performance and combustion stability.   
 
A series of double fuel injection strategies were devised to investigate the potential for 
using the fuel injection event to influence flow field structures within the cylinder.  
Results  demonstrated that while the fuel injection event had limited impact on bulk 
flow structures, there was an increase in turbulence post fuel injection, depending on 
the timing of the second injection pulse.  However, this advantage was not sustained 
throughout the compression stroke to have significant impact on combustion. 
 
The final stage of research investigated fuel spray structure, flame propagation and 
charge motion at fuel impingement locations, comparing a single and triple injection 
strategy.  A triple injection strategy is proposed that results in an improvement in the 
levels of fuel impingement on combustion chamber walls and a reduction in the high 
luminosity regions within the flame.  Consequently, adopting the multiple injection 
strategy highlighted the potential for reducing unburned HC emissions and soot 
formation within homogeneous charge DISI engines. 
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1.1 Research Background 
 
There is currently considerable interest in new engine technologies to assist in the 
reduction of carbon dioxide (CO2) emissions from automotive vehicles.  Fears of 
climate change is forcing new technologies to be investigated with the aim of reducing 
man-made greenhouse gas (GHG) emissions.  There is currently legislation in place 
within Europe, established under a commitment by European Automobile 
Manufacturers Association (ACEA) to the European Union (EU), to reduce automotive 
engine emissions.  The legislation mandates that by 2012, 65% of newly registered cars 
must comply on average with the 130 gCO2.km-1 limit.  This will rise to 75% in 2013, 
80% in 2014 and 100% from 2015 onwards.  Future targets are also in place requiring 
a further reduction to 95 gCO2.km-1 by 2020, Figure 1.1.  Non-compliance of automotive 
manufactures to meet these stringent emission limits will result in significant financial 
penalties.  For each registered car, there will be a penalty of €5 for the first g.km-1 
exceeding the limit, €15 for the second g.km-1 and €95 for each subsequent g.km-1.  
From 2019 the penalties are scheduled to increase further, with a financial penalty of 
€95 for the first g.km-1 exceeding the legislation limit, (European Commission 
Environment, 2010).  In addition to the government legislation, there is increasing 
demand from the consumer market for improved fuel consumption.  Traditionally, 
consumer demand has focussed on comfort, design and safety, however, more recently 
there has been a shift towards more fuel efficient technologies.  This has, in part, been 
driven by the introduction of CO2 related taxation for new vehicles, increasing the 
running costs of vehicles for consumers. 
 
 
Figure 1.1 Average CO2 emissions of new passenger vehicles including the ACEA targets 
Presented data obtained from European Commission Communication (2009) and European 
Commission Environment (2010) 
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Automotive engine manufacturers are investigating a number of new technologies and 
combinations of technologies in an attempt to meet these stringent emissions targets.  
These include direct injection spark ignition (DISI) engines, controlled auto ignition 
(CAI) or homogeneous charge compression ignition (HCCI), engine downsizing and 
fully variable valve timing (VVT).  These combustion concepts all require the use of an 
internal combustion (IC) engine as the primary source of power.  Considerable 
research is also being undertaken into alternative automotive power plants, including 
fuel cell technology, electric vehicles and plug-in hybrids.  However, considering the 
current level of IC engine development, combined with their inherent low cost, high 
performance, high reliability and potential to operate on a diverse range of fuels, it is 
unlikely that alternative power plants will, in the short term, be able to compete with 
the IC engine.  The IC engine will therefore remain at the forefront of engine 
development, with research focussing on the potential of adapting this technology to 
meet government legislation for reduced CO2 emissions, political and economic 
demands to extend oil reserves and national requirement to improve energy security, 
whilst also satisfying consumer demand for improved fuel consumption and engine 
performance and reliability.  DISI engines are seen as one of the key technologies that 
will enable automotive engine manufacturers to meet future consumer and 
government demands.  The advantages of DISI engine technology are summarised as 
follows: 
 
1. Precisely metering fuel into the combustion chamber improves cold start 
performance, reducing over-fuelling and, therefore, reducing unburned 
hydrocarbon emissions; 
2. Accurate control of in-cylinder air fuel ratio improves transient engine 
response since less acceleration enrichment is required; 
3. Injecting fuel directly into the cylinder as a well atomised spray can increase 
volumetric efficiency due to the latent heat of vaporisation of the fuel; 
4. The charge cooling effect of DI results in a lower temperature at the end of 
compression, enabling a higher knock-limited compression ratio to be utilised, 
improving engine performance and specific fuel consumption (SFC); 
5. The potential to operate the engine without a throttle improves the 
thermodynamic cycle efficiency by reducing pumping losses during the intake 
stroke; 
6. Lean combustion, if used, increases the ratio of specific heats which has a 
positive impact on cycle efficiency, improving SFC. 
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To maximise the advantages of DISI engine technology two combustion strategies have 
been considered, termed stratified and homogeneous charge combustion.  Stratified 
combustion is achieved by injecting fuel directly into the combustion chamber late in 
the compression stroke, such that a combustible mixture is formed local to the spark 
plug, while the remaining cylinder volume is either lean or devoid of fuel.  Stratified 
charge engines have shown the potential for reducing specific fuel consumption (SFC) 
by up to 20% compared to conventional port fuel injected (PFI) engines (Kulzer et al., 
2006, Schwarz et al., 2006).   This improvement in SFC is attributed to the 
thermodynamic benefits of lean burn combustion, reduced pumping losses due to 
reduced throttling, increased compression ratio and reduced combustion chamber heat 
loss.  However, stratified charge combustion engines have a number of limitations 
relating to the selection of lean operation exhaust emission after-treatment systems 
and soot formation at high engine speeds and loads.  These after-treatment systems 
typically require periods of rich mixture operation to enable regeneration of the 
catalyst, reducing the SFC potential of lean burn operation by up to 5%. 
 
Alternatively, injecting fuel directly into the cylinder during the intake stroke enables a 
homogeneous charge to be achieved, provided sufficient atomisation of the fuel takes 
place and in-cylinder air motion is present to promote mixing within the time available.  
It is reported that this combustion strategy is capable of improving SFC by up to 10% 
(Eichlseder et al., 2000, Kulzer et al., 2006), due to the charge cooling effect of DI 
lowering combustion temperatures and enabling a higher compression ratio to be 
utilised.  The lower SFC compared to stratified combustion, is due to the inability to 
operate the engine un-throttled over the full engine load and speed operating regime, 
due to lean combustion limits at low engine speeds and loads.  In contrast to stratified 
charge engines, a homogenous charge engine operating a stoichiometric air/fuel ratio 
has the advantage of being able to utilise the current exhaust aftertreatment systems, 
such as a three-way catalyst (TWC).  This reduces the overall system cost and does not 
have the added SFC penalty of a lean NOx catalyst.    
 
Although the improvement in SFC for homogeneous charge combustion of ~10% is not 
as pronounced as for stratified charge, ~20%, a number of automotive engine 
manufacturers have begun to investigate the potential of combining homogeneous 
charge DISI with other technologies such as Variable Valve Timing (VVT) enabling 
throttle-less or near throttle-less operation of the engine to be achieved.  It has been 
reported that combining these two technologies can result in up to 16% improvement 
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in SFC for homogeneous charge DISI engines compared to PFI (Yang and Kenney, 
2002). 
 
Considering the potential for improvements in specific fuel consumption, DISI engine 
technology has been identified as a key technology that will enable engine 
manufacturers to satisfy both consumer and government demands.  However, for the 
IC engine to remain the primary power source for automotive transportation and to 
comply with future emissions targets, a number of limitations must be overcome.  One 
such limitation is cyclic variability in combustion, e.g. variation in peak in-cylinder 
pressure, burn rate, IMEP etc., effectively limiting engine optimisation.  To illustrate 
this variation Figure 1.2 presents in-cylinder pressure data obtained from the Jaguar 
optical engine, discussed in Chapter 3, highlighting the cycle-to-cycle variation in peak 
cylinder pressure.  
 
 
Figure 1.2 Pressure vs. volume for the Jaguar optical engine  
highlighting variation in peak cylinder pressure  
 
 
Firstly, faster-than average cycles have effectively over-advanced spark timing, and 
conversely slower than average cycles have retarded timing, resulting in power and 
efficiency losses.  Secondly, it is the extremes of cyclic variability that limit engine 
optimisation.  The fastest burning cycles, with their advanced spark timing are most 
likely to result in knock, limiting the compression ratio, which directly impacts engine 
efficiency and performance.  The slowest burning cycles, with retarded ignition timing 
are most likely to burn incompletely, establishing the lean operating limit of the engine.  
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Reducing cyclic variability in engine combustion is recognised as a key target area for 
internal combustion engine development.  Estimates of a 10% improvement in engine 
performance through reduced cyclic variability have been reported in a review article 
by Ozdor et. al. (1994). 
 
Many factors influence in-cylinder combustion, one of the most critical being that of 
charge motion.  It is well documented that the fluid motion generated within the 
cylinder of an internal combustion engine during intake and compression has a 
fundamental affect on engine performance.  During intake, the imbalance in charge 
angular momentum created by an uneven velocity distribution around the valves forms 
large scale flow structures within the cylinder.  This fluid motion can be characterised 
as either tumble, with a rotation in the vertical plane or swirl, rotation in the horizontal 
plane.  During compression the deformation imparted on the tumble flow by the piston 
causes these flow structures to compress, resulting in an increase in angular speed due 
to conservation of angular momentum.  It is known that the large scale bulk flow 
structures have an important role in controlling air/fuel mixing within a DI engine.  
Whereas, it is the small scale turbulent structures which are known to affect the rate of 
mixing within the cylinder and enhance combustion.  As a result of these strong 
influences, variations within the charge motion have a significant impact upon the 
outcome of each combustion event.  Understanding and controlling these variations 
would be a significant aid to engine optimisation.   
 
The small scale turbulent flow structures present locally to the spark plug at the time of 
spark ignition are critical to IC engine combustion. Their overall effect being to increase 
the rate of flame propagation and utilisation of fuel energy within the cylinder.  In fact, 
without turbulence it would not be possible to operate IC engines over the required 
speed range.  This is attributed to the fact that the laminar burning velocity of 
commonly used fuels is not high enough to burn the fresh charge during the limited 
time available for combustion.  For example, the stoichiometric laminar flame speed of 
iso-octane, a gasoline component, is approximately 0.3 m.s-1.  At this speed the flame 
front would travel 90 mm, typical IC engine stroke, in 300 ms, corresponding to 3.75 
engine cycles at an engine speed of 1500 rpm.  However, the interaction of the 
propagating flame with turbulent flow structures present within the cylinder act to 
wrinkle the flame front, increasing its surface area and consequently increasing the 
mass burn rate.   
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Initially the flame surface is affected only by the highest frequencies of turbulence, 
while the lower frequency structures convect the flame kernel (Bradley et al., 2000).  
As the flame develops in size, the lower frequencies of motion begin to influence flame 
wrinkling and the turbulent burning velocity of the flame increases.  It is this 
flame/flow interaction which enables combustion to take place within an IC engine.  
Understanding the structure of the flame as it develops from spark discharge, the speed 
at which it propagates across the combustion chamber, and how that structure and 
speed are affected by the flow is critical to engine optimisation.  Over the years 
considerable research has been undertaken on how flame fronts respond to turbulent 
flow structures (Jarvis, 2003, Boxx et al., 2009, Hartung et al., 2009, Long, 2010).  This 
work has led to fundamental theories linking turbulence and the rate of flame 
propagation being established.  Investigations into in-cylinder flow fields have 
demonstrated that a wide range of turbulent length scales are present and that 
considerable variations occur from cycle to cycle.  Studies have also been conducted on 
the influence of in-cylinder flow on engine output, providing compelling evidence of a 
link between the two.  However, little data is available that provides information on the 
in-cylinder flow in both spatial and temporal domains, and the affect this has on engine 
output. 
 
The high rates of heat and mass transfer associated with turbulent flows enhance the 
rate of mixing within the cylinder.  This is essential to DISI engine operation, due to the 
reduced time for mixing to take place compared to conventional PFI engine.  In DISI 
engines fuel is injected directly into the cylinder, either during the intake stroke for 
homogeneous charge operation, or late into the compression stroke to produce a 
stratified charge.  Injecting fuel directly into the cylinder reduces the time available for 
mixing to take place between the in-cylinder air charge and the injected fuel.  Fuel 
injection pressures between 150 and 200 bar are currently being utilised in SI engines, 
however, there is limited knowledge of the effect this high momentum spray has on the 
in-cylinder flow structures.  Research has focussed primarily on understanding the 
effect of injecting into quiescent chambers (Yamakawa at al., 2001, Moon et al., 2007a, 
van Romunde et al., 2009).  Analysis of the interaction between the spray and in-
cylinder flow structures is required under realistic engine operating conditions.  This 
will not only further the understanding of the mechanisms involved in the mixing 
processes, but also the potential of using the high momentum spray to control the flow 
structures at the time and location of ignition.   
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Variation in flow field structures present at the time and location of ignition is of 
considerable interest for cyclic variability investigations.  Velocity variations local to 
the spark plug are known to contribute significantly to variations in the initial flame 
motion as it develops from the kernel established by the spark (Pajot et al., 2000, 
Mansion et al., 2008).  In the early stages of combustion variations in the mean velocity 
convect the flame at different velocities and in different directions.  Considering the 
influence in-cylinder flow structures have on flame propagation and combustion 
stability, there is a need to investigate the interaction between flow within the 
combustion chamber and the propagating flame front.  Fundamental research into the 
local interaction between specific flow structures and the propagating flame front has 
been undertaken.  However, this has not been expanded into understanding the local 
interaction between turbulent flow structures and the propagating flame front within a 
DISI engine combustion chamber at realistic engine operating conditions.  
Understanding the development of flow structures within the engine cylinder and the 
subsequent effect these flow structures have on combustion will provide crucial 
knowledge for the development of future IC engine combustion chambers.   
 
 
1.2 Overview of the Thesis 
 
Chapter 2 presents a review of the literature surrounding IC engine turbulence, and the 
role it has on in-cylinder air/fuel mixing and combustion.  A discussion of previous 
research quantifying the spatial and temporal scales of turbulent flow structure is 
presented and techniques previously adopted to manipulate these in-cylinder flow 
structures.  
 
Chapter 3 introduces the Jaguar optical engine used to investigate in-cylinder flow 
processes.  A summary of the main auxiliary systems used to establish the desired 
operating conditions and record in-cylinder data have been included.  In addition to 
details of the research engine, a detailed description of the high speed digital particle 
image velocimetry (PIV) system used to quantify in-cylinder flow structures has been 
provided.  The difficulties associated with capturing the raw data has been discussed in 
relation to the measurement errors, and techniques for minimising this uncertainty. 
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Chapter 4  describes flame propagation within a DISI engine, presenting data obtained 
from high speed dual location chemiluminescence flame imaging completed through 
the optical piston crown and pent-roof window.  Flame growth parameters are 
discussed for a range of engine operating conditions and correlation with simultaneous 
in-cylinder pressure data presented.   
 
Chapter 5 discusses the flow field structures present within the pent-roof combustion 
chamber at the time and location of spark ignition, captured using high speed particle 
image velocimetry.  A number of velocity field decomposition techniques are applied to 
further understand the temporal and spatial scales of turbulent flow structure present 
within the cylinder and their development through the engine cycle.  Correlation of 
flow field derivatives is made with pressure derived performance parameters to 
investigate the influence in-cylinder flow structures have on the subsequent 
combustion.  
 
Chapter 6 reports into the affect that directly injecting fuel into the cylinder has on flow 
field structures  Velocity field data was acquired during the intake and compression 
strokes using 1.5 kHz PIV, operating the engine with and without fuel injection.  The 
potential of controlling turbulence within the cylinder using a second fuel injection 
pulse was also investigated.  
 
Chapter 7 introduces the requirement for reducing in-cylinder wall wetting for the 
purpose of minimising the emission of particulate matter (PM) and unburned 
hydrocarbon (HC) from DISI engines.  The potential advantage of adopting a triple 
injection strategy for the purpose of reducing PM and HC emissions is discussed in 
relation to high speed spray and combustion imaging.  Quantification of in-cylinder 
flow structures is also completed for the purpose of understanding the role in-cylinder 
air motion has on transporting fuel deposits from impingement locations. 
 
Chapter 8 presents the conclusions to the research reported within this thesis and 
discusses the possible future avenues for further research into understanding IC engine 
turbulent flow structures. 
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1.3 Contributions to Knowledge 
 
The research completed on the single cylinder Jaguar optical engine using optical 
diagnostics has contributed significantly to the body of knowledge on in-cylinder flow 
processes.  This has led to further understanding of spray formation, flame propagation 
and charge motion within a DISI engine and their effect on engine performance.  These 
contributions include: 
 
1. High speed, 9 kHz, dual location imaging of combustion within an optical DISI 
engine simultaneously with pressure data acquisition. This data has provided 
further understanding of the relationship between flame propagation, engine 
performance and cycle-to-cycle variation. Correlations between flame growth 
speed and pressure derivatives were identified. Results also highlighted that 
further gains in engine performance and combustion stability can be achieved 
through the optimisation of  fuel injection timing. 
 
2. Application of high speed, 5 kHz, digital  particle image velocimetry (HSDPIV) to 
quantify the flow field development  within the combustion chamber of a fired 
DISI engine over a crank angle period spanning spark ignition.  This has 
provided further understanding of the temporal and spatial development of 
flow field structures leading up to spark ignition and their interaction with the 
propagating flame front.   
 
3. Development and application of a frequency filtering routine for the 
decomposition of HSDPIV data into low and high frequency velocity components.  
This has enabled the link between specific scales of turbulent flow structures 
and DISI engine performance to be further understood and correlations 
between high frequency turbulence and pressure derived combustion 
parameters, including peak cylinder pressure, MFB and IMEP, to be identified.  
In addition, a technique for correctly identifying the cut-off frequency used in 
the decomposition of the flow field into low and high frequency components is 
presented. 
 
4. Quantification of flow field structures within the cylinder, using HSDPIV, for a 
range of single and double fuel injection strategies.  Comparison of flow field 
development during intake and compression has been completed within the 
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optical DISI engine, operating with and without fuel injection.  The potential to 
utilise a second fuel injection pulse to influence turbulence has also been 
highlighted. 
 
5. Comparison of spray, flow and combustion within a motored and fired DISI 
engine operating single and triple injection strategies.  A combination of laser 
sheet flow visualisation, combustion imaging and HSDPIV has provided further 
understanding of fuel spray structure, flame propagation and charge motion at 
fuel impingement locations.  This has highlighted the potential to use a triple 
injection strategy for the purpose of reducing wall wetting within a 
homogeneous charge DISI engine. 
 
 
1.4 Publications from this Thesis 
 
LONG, E. J., RIMMER, J. E. T., JUSTHAM, T., GARNER, C. P., HARGRAVE, G. K., 
RICHARDSON, D. & WALLACE, S. 2008 The influence of in-cylinder turbulence 
upon engine performance within a direct injection IC engine, The Seventh 
International Conference on Modelling and Diagnostics for Advanced Engine Systems 
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2.1 Introduction 
 
This chapter discusses the formation and dissipation of flow field structures within the 
IC engine and the influence they have on in-cylinder fuel/air mixing and premixed 
turbulent combustion.  An overview of typical measurement techniques is provided 
along with a discussion of flow field decomposition and analysis routines.  To 
understand these flow processes in the context of engine operation, it is first necessary 
to provide a brief summary of the fundamentals of the spark ignition (SI) engine four 
stroke cycle.  In a four stroke cycle, for a single revolution of the engine crankshaft 
there are two strokes of the piston, taking two revolutions to complete a single engine 
cycle.  During this process four fundamental processes take place; intake, compression, 
expansion and exhaust, as illustrated in Figure 2.1. 
 
 
Figure 2.1 Sequence of events in a four-stroke SI engine, pressure traces for motored and fired 
engine operation (adapted from Heywood, 1988) 
 
 
The four stroke cycle begins on the intake stroke with the piston at Top Dead Centre 
(TDC).  Typically Inlet Valve Opening (IVO) has already occurred late in the exhaust 
stroke to maximise the mass of air inducted into the cylinder.  Therefore as the piston 
moves towards Bottom Dead Centre (BDC) the cylinder volume increases and a 
pressure drop occurs across the inlet valve.  For naturally aspirated (NA) engines this 
pressure drop causes air to be forced into the cylinder by atmospheric pressure.  
During this gas exchange process, large scale bulk fluid motions are established within 
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the cylinder volume due to intake port, intake valve and piston crown geometry.  
Furthermore, for homogeneous charge DISI engines, fuel injection occurs during the 
intake stroke.  This early injection timing takes advantage of the charge cooling effect 
of the fuel, while also providing sufficient time for mixing to take place between the 
intake air and the injected fuel prior to ignition.  This induction process typically 
continues into the compression stroke with Late Inlet Valve Closing (IVC) employed to 
maximise volumetric efficiency at high engine  speeds where fresh air charge can 
continue to flow into the cylinder due to the increased gas inertia.  However, for fixed 
valve timing, this strategy can result in reversed flow of air/fuel mixture back into the 
intake port at low engine speeds.  Following the intake stroke, the in-cylinder charge 
undergoes compression as the piston moves towards TDC.  During this process the 
deformation imparted on the flow during compression results in the dissipation of the 
large scale flow structures into smaller scales of flow structure.   
 
In an SI engine, combustion is initiated towards the end of compression by an electrical 
discharge across the spark plug.  Provided a combustible mixture is present at the time 
of spark ignition a flame will develop within the combustion chamber.  The local 
interaction of the flame with the small scale turbulent flow structures is known to 
significantly affect flame growth, increasing the burning velocity of the flame above 
that of the laminar burning velocity.  The flame continues to propagate through the 
cylinder until the flame is extinguished at the combustion chamber walls.  It is 
understood that the duration of the burning process is dependent on combustion 
chamber geometry, in-cylinder flow, thermodynamic conditions and engine operating 
parameters.  As the mixture burns in the propagating flame front the temperature and 
pressure within the cylinder increases to a maximum, above the level due to 
compression alone.   
 
The ignition timing and rate of subsequent combustion affects the amount of work 
transferred from the in-cylinder gases to the piston and consequently the maximum 
brake torque (MBT) that can be achieved by the engine.  For example, advancing the 
start of ignition results in a greater heat release at TDC yielding a higher peak pressure, 
however this increases the work required to compress the gases before TDC.  
Conversely, retarding ignition timing reduces peak pressure since the gases are already 
expanding, reducing the work transferred to the piston and MBT.  This highlights not 
only the importance of optimising ignition timing to achieve MBT, but also that 
variations in the rate of combustion will impact on engine performance for that 
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particular cycle.  Early Exhaust Valve Opening (EVO) occurring before the end of the 
expansion stroke, is often employed to assist in expelling the exhaust gases from the 
cylinder volume.  The aim being to equalise the in-cylinder pressure with the exhaust 
manifold pressure at BDC to maximise the effective expansion ratio and therefore the 
expansion work.  The final stage of the four stroke cycle is the exhaust stroke, where 
the piston travels towards TDC expelling the remaining combustion products until 
Exhaust Valve Closing (EVC).  It is evident that EVC timing affects the mass of exhaust 
gas residuals remaining in the cylinder, which will act to dilute the charge in the 
subsequent engine cycle. 
 
The IC engine is a complex system, with a number of variables influencing the overall 
engine operation and performance.  Understanding these processes in further detail is 
of particular importance to IC engine development.  The following sections therefore 
focus on four main areas (1) premixed turbulent combustion, (2) the development and 
modification of in-cylinder flow, (3) measurement techniques used to quantify in-
cylinder flow and (4) decomposition techniques and analysis methods used to analyse 
flow field data. 
 
 
2.2 Premixed Turbulent Combustion 
2.2.1 Flame Structure and Flame Speed 
 
The Introduction section to this chapter discussed the production of mechanical work 
from the chemical energy contained within the fuel using a four-stroke SI engine.  This 
chemical energy is released by burning, or oxidising, the fuel inside the engine.  The 
expansion of the burned gas ahead of the propagating flame front established during 
the chemical reaction compresses the unburned mixture, during which work is done on 
the piston.  The extent of the compression of unburned gas depends on the rate of 
flame propagation, which is controlled by the laminar burning velocity of the mixture 
and wrinkling of the flame front caused by the local interaction of the flame with 
turbulent flow structures.   
 
The laminar burning velocity is an intrinsic property of a combustible fuel, air and 
residual gas mixture.  To understand the relevance of this parameter it is first 
necessary to consider some details of the flame structure.  A flame is the result of a self-
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sustaining reaction occurring within a region of space called the flame front, where the 
unburned mixture is heated and converted into products.  The flame front consists of 
two regions, a preheat zone and a reaction zone.  In the preheat zone, the temperature 
of the unburned mixture is raised primarily by conduction from the reaction zone, 
during which no significant reaction or energy release takes place.  However, an 
exothermic reaction is initiated when the temperature of the unburned mixture 
reaches a critical temperature.  The region between the temperature where exothermic 
reaction takes place and the downstream equilibrium burned gas temperature is called 
the reaction zone.  The laminar burning velocity can be defined as the velocity relative 
to and normal to the reaction zone front, with which unburned gas moves into the front 
and converted into products, under laminar flow conditions.  The laminar burning 
velocity, SL, can be expressed as a function of the unburned charge density, ρu, surface 
area, Af, of the propagating flame front and the mass burning rate, dmb/dt, as follows; 
(Heywood, 1988): 
 

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Results obtained from constant volume combustion chambers have demonstrated that 
the laminar burning velocity depends on the fuel type, equivalence ratio and 
temperature and pressure of the burned and unburned gas.  The fuel type essentially 
defines the maximum specific energy that can be released during combustion and is 
therefore fundamental to the maximum possible laminar flame speed.  Figure 2.2, 
illustrates the effect of equivalence ratio on flame speed for a range of fuel types.  
Increasing the equivalence ratio increases the amount of stored fuel energy per unit 
mass contained within the mixture.  Therefore, provided sufficient oxygen is available 
for complete combustion to take place, the increase in chemical energy is converted 
into thermal energy within the flame, increasing flame temperature and consequently 
flame speed.  In hydrocarbon fuels, a peak in laminar flame speed occurs slightly rich or 
stoichiometric due to dissociation.  At higher equivalence ratios incomplete 
combustion occurs due to the fuel not being completely oxidised, consequently flame 
temperature and flame speed reduce. 
 
Eqn. (2.1) 
  
Figure 2.
 
 
The laminar burning velocity alone is 
cycle-to-cycle basis within an IC engine.  For example, the data presented in Figure 2.2 
indicates that the stoichiometric laminar burning velocity of gasoline is approximately 
0.3 m.s-1.  At this speed, the f
300 ms, which corresponds to 3.75 engine cycles at 1500
that stable combustion can be achieved within an IC engine over a wide range of loads 
and speeds.  This incre
due to the local interaction of the propagating flame front with turbulent flow 
structures present within the combustion chamber. This interaction locally wrinkles 
the flame increasing its 
Turbulent flow is therefore fundamental to achieving stable combustion within the IC 
engine. 
 
Flames can be broadly classified into three different regimes termed wrinkled laminar 
flame front, wrinkled reaction zone and distributed reaction. These regimes are 
defined based on relationships bet
scale, lK, and the laminar flame thickness, 
for a flame thickness less than or equal to the Kolmogorov length scale.  If the flame 
thickness is in the range between the integral length scale and Kolmogorov length scale 
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2 Laminar burning velocity for several fuels as a function 
of equivalence ratio (Heywood, 1988) 
insufficient to sustain stable combustion on a 
lame front would travel 90 mm, a typical engine stroke, in 
 rpm.  Despite this, it is known 
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ween the integral length scale, lI, Kolmogorov length 
δL.   The wrinkled laminar flame front occurs 
Literature Review 
 
Literature Review 
 
 
18 
 
then the flame is characterised as a wrinkled reaction zone.  The final regime of 
distributed reaction zone occurs if the laminar flame thickness is greater than the 
integral length scale.  The development of these broad regimes has resulted in the 
presentation of combustion diagrams, which differentiate the type of turbulent 
combustion using dimensionless parameters such as Reynolds number (ReT) and 
Damköhler number (Da): 
 
i. The Reynolds number (ReT) is defined as the ratio of inertia to viscous forces.  
In its application here, ReT is a measure of how much the larger eddy structures 
are damped by viscosity, relating the turbulence intensity, u’, integral length 
scale, lI, and the kinematic viscosity of the unburned mixture, v, (Heywood, 
1988): 
 
ν
lu'
Re IT =  
 
ii. Damköhler number (Da) is a measure of the influence turbulent structures in 
the flow have on the burning velocity of the flame and defined as the ratio of 
the characteristic eddy turnover time, τT, to the laminar burning time, τL, 
(Heywood, 1988): 
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where l is the characteristic length scale, u’ is the turbulence intensity, δL is the 
laminar flame thickness and SL is the laminar burning velocity. 
 
Figure 2.3 presents a combustion diagram illustrating the three combustion regimes 
and identifies the typical location of IC engine premixed turbulent combustion.  It is 
evident that IC engine combustion lies within the reaction sheet regime, where the 
flame is wrinkled and convoluted by its interaction with the turbulent flow. 
Eqn. (2.2) 
Eqn. (2.3) 
Eqn. (2.4) 
Eqn. (2.5) 
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Figure 2.3  Different turbulent regimes on a plot of Damköhler number  
versus turbulence Reynolds number highlighting typical IC  engine  
combustion  regime (redrawn from Turns, 2000) 
 
 
The combustion process in spark ignition (SI) engines consists of four main stages (1) 
spark ignition and flame initiation, (2) initial flame kernel development, (3) fully 
developed turbulent flame propagation and (4) flame termination.  The first two of 
these stages are considered to be the most important in terms of cycle-to-cycle 
variation in combustion.  Factors affecting these stages can be related to the following 
main sources; spark energy and duration, spark plug design and orientation, in-
cylinder flow field, exhaust residuals and local mixture composition.  Although, 
simultaneous measurement of all these parameters has not yet been reported within 
the literature they have all been quantified individually by different research groups.  
However, disagreements have emerged concerning the source that has dominant effect 
on flame kernel growth rates and cyclic variability in combustion. 
 
In an SI engine flame propagation is initiated by the electrical discharge across the 
spark gap.  The electrical energy stored in either a capacitor or coil within the spark 
plug is rapidly discharged across the spark gap.  This process generates the required 
heat energy to raise the mixture above its ignition temperature and initiate the 
chemical reaction.  The effect of spark characteristics on flame kernel growth rates has 
previously been discussed by a number of researchers including Pischinger and 
Heywood (1990), Le Coz, (1992), Aleiferis et al. (2000, 2004), Pajot et al. (2000) and 
Mansion et al. (2008).  Pischinger and Heywood (1990) completed an experimental and 
numerical study to determine the effect of mean flow velocity at the spark gap on early 
flame kernel development.  Flame images were captured in two orthogonal directions 
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combined with Hot Wire Anemometry (HWA) to measure the flow velocity at the spark 
plug.   Based on the results, an optimum flow velocity across the spark plug between 
3 m.s-1 and 5 m.s-1 was identified.  Mean velocities below this range increase the 
residence time of the flame kernel near the spark electrode, where heat loss may lead 
to early extinction of the flame.  In contrast, flow velocities above this range might 
convect the flame towards regions of low temperature, e.g. combustion chamber walls, 
leading to quenching of the early flame.  Le Coz (1992) completed Laser Doppler 
Velocimetry (LDV) measurements within the pent-roof combustion chamber to 
investigate the link between large scale flow structures and spark duration.  The 
results demonstrated a strong correlation between low frequency velocity, cut-off 
frequency <500 Hz, and the spark duration.  However, the extent to which this flow 
velocity effected the spark energy released and the impact on combustion variability 
were not discussed.  This has since been investigated by Aleiferis et al. (2000) using 
dual location flame imaging.  Results demonstrated that a strong correlation existed 
between spark energy and the respective flame volume during the first 10-20˚ CA AIT, 
as well as a similarly strong correlation between the flame centroid displacement from 
the spark gap and the spark duration.  It was concluded that these strong positive 
correlations between spark energy and flame size were a direct result of the flow field 
itself, rather than the spark energy being the main contributing factor to a large flame 
size. 
 
The link between flow velocity and flame growth has been further investigated by 
Pajot et al. (2000) using simultaneous Particle Image Velocimetry (PIV) and 
chemiluminescence flame imaging to investigate the flow field effects on early flame 
development.  Two light sheets were formed within the cylinder with a controlled 
temporal shift, enabling a single instantaneous PIV vector field to be captured at 
ignition followed by a flame image 1 ms later.  During the initial stages of combustion, 
the flame was observed to propagate through the combustion chamber in the direction 
of the velocity gradients.  Results showed a strong correlation between mean velocity 
at the spark plug and displacement of the flame centre of gravity.  This correlation was 
further supported by Mansion et al. (2008), with the higher flow velocities 
corresponding to the most expanded flames.  While these investigations focussed 
primarily on the effect of velocity magnitude at the spark plug and flame displacement, 
there was no discussion on the link between the turbulent flow structures and flame 
growth or the impact this flame/flow interaction has on global engine performance 
parameters. 
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Fundamental research into the interaction between the propagating flame front and 
turbulent flow structures has been the focus of considerable research, for example 
Renou et al. (2000), Sinibaldi et al. (2003) and Long (2010).  These researchers have 
focused on understanding the flame/flow interaction within constant volume 
combustion rigs where repeatable flow structures can be generated.  Results have 
highlighted that it is the interaction between flow structures present with the 
combustion chamber and the propagating flame front that affect the burning velocity of 
the flame.  It is this interaction between turbulent flow structures and flame 
propagation that is important to the IC engine performance and stability.  The 
following sections of this chapter discuss the development of large scale flow 
structures within the IC engine, their dissipation into small scale flow structures 
through the engine cycle and their impact on combustion. 
 
2.3 In-Cylinder Fluid Motion 
2.3.1 Intake Valve Jet Flow 
 
The in-cylinder flow structures that are established within the cylinder during the 
intake stroke are primarily determined by the setup and geometry of the intake 
manifold, ports and valves.  In particular, it is the flow past the valve and the formation 
of a high velocity jet during induction that establishes the large scale flow structures 
within the cylinder.  It is these large scale flow structures that are fundamental to in-
cylinder fuel/air mixing and combustion within IC engines.  It is therefore necessary to 
consider intake port and valve flow to understand the origins of these flow structures.  
Figure 2.4 details key geometric features of the intake valve and port that are referred 
to during the discussion of intake valve flow.   
 
 
Figure 2.4 Parameters defining valve geometry (Redrawn from Heywood, 1988) 
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At low valve lifts the intake flow remains attached to the corresponding features on the 
valve seat and valve head.  The small effective flow area and large pressure difference 
across the valve results in a conical jet forming within the cylinder with radial and axial 
velocities up to 10 times the mean piston speed.  The shear imparted on the flow by 
this high velocity jet establishes defined toroidal vortices within the cylinder, referred 
to as either tumble or swirl depending on their axis of rotation.  During this early stage 
of induction, the angle at which the flow enters the cylinder is primarily influenced by 
geometric features such as valve seat angle and width, defining the angle of the conical 
jet and hence the location of vortices within the cylinder.  As the valve lift increases the 
flow begins to separate from the valve head at the inner edge of the valve seat.  
Increasing the valve lift further leads to flow separation from both the valve head and 
seat.  This flow separation forms a free jet within the cylinder, which is little influenced 
by valve geometry.  Intake valve flows have primarily been studied through the use of 
steady-state test-beds typically consisting of a production geometry cylinder head, 
valve actuation to enable dynamic and static valve lift to be achieved and a constant 
volume chamber with optical access (Lee and Farrell, 1993, Nandarajah et al. 1998,  
and Yasar et al., 2006).  These experimental arrangements enable valve flows to be 
characterised in a repeatable environment for the purpose of further understanding 
the scales of flow structure that are generated during intake.  
 
Lee and Farrell (1993) investigated the static and dynamic effects of valve opening on 
flow past the intake valve using PIV.  Instantaneous velocity vector fields were 
obtained at two different simulated engine speeds of 150 rpm and 300 rpm.  Results 
showed that as the flow separated from the valve, a well organised high velocity free jet 
was formed within the cylinder.  The shear imparted on the flow formed several 
vortices at the edge of the jet, through which the ambient air was entrained into the 
main jet stream.  Flow separation from the valve seat was evident within the PIV data, 
with the effect being more noticeable at higher valve lifts.  At higher camshaft rotation 
speeds, the shear layer between the main jet and the ambient flow was observed to 
become thinner.  Under dynamic conditions, while a repeatable large scale jet structure 
was formed during the intake process, noticeable variations in the small scale 
structures was evident.  This study was repeated by Valentino et al., (1993) at higher 
simulated engine speeds of 600 rpm and 1000 rpm, with similar conclusions being 
drawn from the data. 
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Nandarajah et al. (1998) compared non-swirling and swirling flow past an inlet valve 
under steady flow conditions.  Three different swirl rates were considered to 
investigate the effect this fluid motion has on the mean flow and turbulence 
characteristics within the cylinder.  This swirl motion was induced through the use of 
guide vanes attached to the valve guide at the port entry.  The flow structure was 
studied by the means of laser sheet flow visualisation and the associated Reynolds 
stresses quantified using LDV.  As expected, the port induced swirl resulted in 
noticeable differences in the flow structures downstream of the valve.  It was discussed 
that the jet growth and entrainment area increased as a result of swirl and formed non 
symmetric counter rotating flow structures within the cylinder.  Valve jet instability, 
often termed jet flapping, for the swirl configurations was observed to be of a similar 
magnitude to the non-swirl case.  It was concluded that in general, swirl increases the 
turbulent kinetic energy, k, Reynolds stresses, as well as the production rate of k within 
the valve jet region. 
 
Yasar et al. (2006) also studied the characteristics of the valve jet flow emerging from 
the intake port into the cylinder under static flow conditions using PIV.  As expected, 
similar flow structures were evident within the PIV data to those presented by Lee and 
Farrell (1993), however the interaction of the jet with the cylinder walls was also 
discussed.  The jet was observed to propagate at a constant angle towards the liner 
wall, before being redirected down through the cylinder.  This interaction of the high 
velocity jet with the liner walls resulted in the formation of two counter rotating 
structures below the valve head and two weaker vortices in the corner of the cylinder 
above the valve jet.  Regions of high vorticity were also calculated within the valve jet 
highlighting the formation of high frequency small scale turbulent structures within the 
cylinder, during this intake process.  
 
More recently, Kapitza et al. (2010) investigated flow structures generated during 
intake using high speed, 10 kHz, stereoscopic PIV.  For the analysis of the in-cylinder 
flow generated by an intake port, measurements were carried out using a four valve 
DISI production cylinder head.  This was mounted onto a steady flow rig with optical 
access into the cylinder.  Through a combination of Singular Value Decomposition 
(SVD) of the instantaneous velocity fields and Fast Fourier Transforms (FFT) of the 
decomposition coefficients it was possible to identify the main fluctuating frequencies 
within the flow and to identify the origins of these fluctuations.  The analysis showed 
that the transient behaviour of the intake flow was a result of the interaction between 
Literature Review 
 
 
24 
 
two main flow structures; firstly, vortices varying in strength and position and 
secondly, wavelike fluctuations of jet flow particularly in the near wall regions.  Three 
main flow fluctuation phenomena were identified, the first characteristic frequency 
was associated with the vortex shedding induced by the valve stem, the second a result 
of the shear instability induced by the jet flow through the valve gap and thirdly the 
shear layer formed downstream of the tumble flap.  It was demonstrated that these 
velocity fluctuations were influenced by a number of different factors, with higher 
fluctuations resulting from an increase in mass flow rate, increased tumble caused by 
closing a tumble flap in the port and decreased valve lift.   
 
While steady flow tests provide fundamental knowledge relating to intake valve flow 
structures, only in-cylinder testing at realistic engine operating conditions can provide 
a complete understanding of these flow processes, their development through the 
engine cycle and the subsequent impact on combustion.  Intake port and valve flows 
have been studied within the single cylinder engines by a number of research groups 
including Gindele et al. (1997), Hong et al. (1998), Li et al. (2001), Justham et al. 
(2006a, 2006b), Kampanis et al. (2006), and Krishna et al. (2009). 
 
Justham et al. (2006a) used two individual digital PIV systems to study the inter-
relationship between the intake and in-cylinder flow fields at an engine speed of 
1500 rpm.  Results of the intake runner velocity field at the time of maximum valve lift 
were compared to the in-cylinder velocity fields later in the same cycle.  A strong link 
between the intake runner and in-cylinder flow was observed during the intake stroke, 
with cycle-to-cycle variations in the intake runner affecting the in-cylinder bulk 
motion.  However, the subsequent decay of the large scale motions into smaller scale 
turbulent structures during compression stroke appeared to reduce the relationship 
with variations in the intake runner flow.  This intake process is a dynamic process, 
with differing time scales within the intake runner flow contributing to variations in 
the cylinder flow structures.  While the presented data provided valuable spatial 
information on intake runner and in-cylinder flows, no temporal information was 
available.  In a later paper by the same authors (Justham et al. 2006b),  time resolved 
PIV at a frequency of 5 kHz, was used to further understand the temporal and spatial 
development of flow structures within the intake runner.  Results demonstrated the 
bulk flow motions within the intake runner behave in a repeatable manner, while more 
significant variations in the fluctuating velocity component were evident during the 
inlet valve opening (IVO) period. 
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2.3.2 Large Scale In-Cylinder Flow Structures (Tumble and Swirl) 
 
The previous section highlighted the formation of a high velocity jet within the cylinder 
resulting from the pressure drop across the intake valve during induction.  The velocity 
field early in the intake stroke is generated by this annular transient jet originating 
from the valve orifice.  The majority of the jet is exposed to a sudden expansion in 
volume, which enables the flow to pass unobstructed into the cylinder.  However, due 
to the close proximity between the valve and cylinder wall, a proportion of the jet is 
deflected down through the cylinder towards the piston crown.  It is the imbalance in 
angular momentum created by an uneven velocity distribution around the valves 
which creates toroidal vortices within the cylinder.  Tumble is defined as the rotation 
of the charge about an axis perpendicular to the cylinder axis, whereas swirl is the 
rotation about the cylinder axis, as illustrated in Figure 2.5.  These large scale flow 
structures can be quantified in terms of a tumble ratio (TR) or swirl ratio (SR), using 
two dimensional velocity field data as follows (Huang et al. 2009): 
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where (∂v/∂X – ∂u/∂Y ) is the conventionally used definition of flow vorticity, n stands 
for the number of grid points set up for the data points in the analysed plane, ω is the 
crank shaft angular speed, which can be calculated by ω = 2πN/60, where N is the 
engine speed in rpm. The tumble and swirl ratios can therefore be interpreted as the 
ratio of mean angular velocity of the vortices in the measurement plane at a certain 
crank angle, normalised by the average crank speed.  These large scale bulk fluid 
motions are widely used in SI engines, to enhance the turbulence by dissipation of the 
large scale bulk motion into small scale turbulent structures in the late stages of the 
compression stroke aiding mixing with the injected fuel and enhancing combustion.  
Considering the importance of these flow structures on mixing and combustion, 
understanding their formation and dissipation through the engine cycle has been the 
focus of considerable research. 
Eqn. (2.6) 
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Figure 2.5 Schematic of in-cylinder bulk motion - tumble and swirl 
 
 
Kang et al. (1998) investigated the effect of tumble flow in a four valve engine on pre-
combustion turbulence using LDV.  Data was obtained for the engine operating at 
500 rpm and 1000 rpm using two different intake port geometries, one of which had an 
increased tumble.  The tumble ratio for the high tumble port was found to enhance 
itself during the mid-stage of compression, 270° CA, before becoming gradually weaker 
as the piston approached  TDC, while the tumble ratio for the low tumble port began to 
dissipate into smaller flow structures earlier in the cycle.  They concluded that tumble 
motion which persisted into the compression stroke enhanced the turbulence by a 
factor of two relative to that of weak tumble.  The increased tumble flow also resulted 
in an increased integral length scale due to the dissipation of the large scale bulk fluid 
motion into small-scale eddies as the piston approached TDC.  
 
Reeves et al. (1999) used PIV to quantify flow field structures during intake and 
compression at an engine speed of 1000 rpm.  Comparison of tumble formation and 
breakdown was made for a standard port with a tumble ratio of TR = 1.2 and a partially 
blocked port with a tumble ratio of TR = 1.8.  In both configurations a single ordered 
vortex was formed within the cylinder during intake, with the high tumble 
configuration exhibiting a higher mean flow velocity.  Unlike the standard port 
configuration, this vortex exhibited less dissipation through the compression stroke 
persisting through to approximately 40˚ CA BTDC for the high tumble configuration. 
Cylinder axis
Tumble Motion Swirl Motion
Intake 
Flow
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Reuss et al. 2000 investigated the cycle-to-cycle variability in an IC engine with a 
predominant swirl motion using PIV.  Velocity vector fields were captured in the swirl 
plane at TDC for a motored engine speed of 1200 rpm.  Flow field structures generated 
with a standard valve, SR = 0.9, and shrouded intake valve, SR = 6, were compared.  
Comparison of SR over the captured engine cycle demonstrated a reduction in the 
standard deviation for the high swirl compared to the low swirl condition.  Variation in 
both the large and small scale flow structures were evident within the PIV velocity 
vector fields, with the greatest variation occurring towards the centre of the flow 
rotation.  It was discussed that during intake a number of factors contribute to the 
cycle-to-cycle variability including turbulence dissipation, flow separation at the intake 
ports and pressure waves in the intake manifold, whereas during compression 
following inlet valve closing (IVC) the dominant source of flow field variation is the 
flow modification due to piston compression and turbulence dissipation. 
 
Li et al. (2004) characterised the large and small scale flow structures within a motored 
high-tumble SI engine.  This strong tumble motion was produced by partially 
shrouding the lower periphery of the inlet valves increasing the tumble ratio from 
TR = 0.8 to TR = 2.6, although at the expense of reducing the valve flow coefficient from 
0.45 to 0.36 (Li et al., 2003).  A spatial FFT filtering routine was applied to decompose 
the flow into its large-scale bulk motion and small scale turbulence.  PIV velocity vector 
fields showed that a large scale tumble vortex was formed by the end of the intake 
stroke and remained through to the end of compression.  The increase in angular 
momentum within this vortex, due to the compression induced by the piston, resulted 
in an increase in tumble ratio from approximately TR = 1.6 early in the intake stroke to 
TR = 2.6 approximately 30˚ BTDC.  Low frequency velocity fluctuations and kinetic 
energies were found to be dominant in the tumble flow field, while the high frequency 
fluctuation and energy were only a small contributor to the total flow field fluctuation.  
It was reported that the RMS fluctuating velocity and kinetic energy reduce rapidly 
from a peak of approximately u’ = 5 m.s-1 and k = 22 m2.s-2 to a minimum early in the 
compression stroke, before increasing to approximately u’ = 3 m.s-1 and k = 5 m2.s-2 at 
the time of spark ignition, 30˚ BTDC.  A range of cut-off frequencies were considered in 
the flow field analysis, however, it was noted that selection of a suitable value was 
relatively arbitrary since the effect of specific turbulent scales on combustion was 
unknown. 
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Fischer et al. (2004) used an adjustable tumble system positioned in the intake port to 
direct the flow over a specific area of the intake valve.  In addition to the standard 
configuration with an even velocity distribution being formed over the two intake 
valves, two extreme flow conditions could be formed.  Firstly, flow could be directed 
into the area between the two intake valves forming a narrow flow.  Secondly, the flow 
could be directed towards the outer regions of the valves forming a relatively wide flow 
area into the cylinder.  It was concluded that directing the flow into the region between 
the two valves generated a dominant tumble vortex positioned centrally within the 
cylinder.  This configuration resulted in the maximum mean flow velocity, highest 
kinetic energy and was observed to have the lowest variation in tumble centre location 
from cycle to cycle.  Analysis of pressure data obtained under fired engine operation 
demonstrated that the improvement in flow stability reduced the standard deviation in 
IMEP from 0.255 bar for the standard flow configuration to 0.09 bar for the narrow 
flow configuration. 
 
Huang et al. (2009), quantified the spatial and temporal evolution of flow structures 
within a four valve single cylinder optical engine.  The effect of circular and elliptical 
intake ports were experimentally studied using PIV and quantitively presented in 
terms of variation in tumble ratio and turbulence through the engine cycle.  It was 
found that during the intake stroke the elliptic port can initiate a vortex around the 
central region of the cylinder earlier than the circular intake port.  During the 
compression stroke, this central vortex rapidly dissipates into small scale flow 
structures, while for the engine operating with the elliptical port this dominant tumble 
motion remains.  The cycle average tumble ratio for the elliptical port was calculated to 
be TR = 0.301 compared to TR = 0.187 for the circular port design, equating to an 
increase of approximately 61%.  Similarly, the cycle average turbulence was shown to 
increase by 13% from u’ = 0.293 m.s-1 for the circular port to u’ = 0.332 m.s-1 for the 
elliptical port design.  Physically, the larger tumble ratio and turbulence imply larger 
rotation rate and diffusivity, and could therefore promote the mixing and flame 
propagation properties within the flow field.  The overall effect of the elliptical port on 
engine performance was highlighted through the use of a thermodynamic engine of 
identical flow architecture.  Results showed an increase in torque, decrease in specific 
fuel consumption and a decrease in hydrocarbon emissions for the elliptical port 
design. 
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While single cylinder optical research engines are typically based on production engine 
architecture, their operation is often limited to engine speeds below 2000 rpm.  This 
limitation is a result of vibration issues, increased temperatures and unwanted oil films 
developing on the optical surfaces at the higher engine speeds.  Consequently a large 
portion of the production gasoline engine speed range has not been investigated.  
However, Stansfield et al. (2006, 2007) discussed the use of a single cylinder optical 
engine capable of engine speeds up to 5000 rpm and presented in-cylinder flow fields 
at engine speeds of 750 rpm, 2000 rpm and 3500 rpm.  The results of the PIV analysis 
demonstrated the formation of two dominant tumble vortices within the cylinder, 
which remained present at all tested engine speeds.  The first located below the 
exhaust valve close to the cylinder head, and the second below the intake valves just 
above the piston crown surface.  A vortex tracking algorithm was utilised to track their 
location through the cycle, results of which demonstrated that the vortex centre of the 
latter structure changed location with increasing engine speed.  This vortex 
displacement allowed a larger proportion of the charge to flow underneath this 
structure, leading to an increased tumble ratio at the highest tested engine speed. 
 
 
2.3.3 Turbulence 
 
Sections 2.3.1 and 2.3.2 discussed the formation of large scale bulk motions, termed 
tumble and swirl, within the cylinder of an IC engine and introduced the breakdown of 
these bulk motions into small scale turbulent structures through the engine cycle.  
During this process the largest turbulent eddies interact with each other and extract 
energy from the mean flow, by a process called vortex stretching.  The presence of 
mean velocity gradients in sheared flows distorts the rotational turbulent eddies.  
Suitably aligned eddies are stretched because one end is forced to move faster than the 
other.  During this process the eddies angular velocity increases and its cross-sectional 
radius decreases.  Consequently, this process forms smaller and smaller eddies.  These 
smaller eddies are themselves stretched by larger structures and more weakly by the 
mean flow.  During this process, kinetic energy is transferred down through the smaller 
and smaller eddy sizes in what is termed the energy cascade.  The smallest scale which 
can occur is determined by viscosity, whereby energy associated with the smallest 
eddies is dissipated and converted into thermal internal energy.  Through this process 
turbulent flows are always dissipative.  Viscous shear stresses perform deformation 
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work on the fluid which increases its internal energy at the expense of its turbulent 
kinetic energy.  Therefore, energy is required to generate turbulence, if no energy is 
supplied then turbulence decays.   It is evident that in turbulent flows a range of eddy 
sizes exist, which can be characterised in terms of both turbulence intensity and length 
scales.  The largest eddies which exist within the cylinder are limited by the system 
boundary conditions, whereas the smallest scales of the turbulent motion are limited 
by molecular diffusion.  A number of length scales have been defined, however there 
are three scales which are commonly used and referred to in the later discussion of IC 
engine turbulence:  
 
i. Integral length and time scale 
ii. Taylor micro scale 
iii. Kolmogorov length and time scales 
 
 
The integral scale is a measure of the largest scale structure within the flow.  Velocity 
measurements made at two points within the flow separated by a distance x, or time t,  
which is significantly less than the length scale, l1, or time scale, τ1, will correlate with 
each other.  It is defined as the integral of the autocorrelation coefficient, R, of the 
fluctuating velocity at two adjacent points in the flow with respect to the variable 
distance or time separating the two points, (Heywood, 1988):   
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 Eqn. (2.10) 
Eqn. (2.9) 
Eqn. (2.8) 
  Eqn. (2.7) 
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The second length scale, is the Taylor microscale, lT.  This is defined by relating the 
fluctuating strain rate of the turbulent flow field to the turbulence: 
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The third scale is the Kolmogorov length, lk, and time, τk, scale which indicates the size 
of the smallest eddy within the flow and the momentum diffusion of the smallest 
structures, (Heywood, 1988): 
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where ν is the kinematic viscosity of the fluid and ε is the energy dissipation rate per 
unit mass.  These scales are formed on the basis that super-imposed on the large scale 
flow is a range of eddies of smaller and smaller size.  The dissipation of turbulence 
energy takes place in the smallest structures whereby the molecular viscosity of the 
fluid acts to dissipate the small scale kinetic energy into heat.  It is the high rates of heat 
and mass transfer associated with this turbulent flow which are critical to mixing and 
combustion within IC engines.  Consequently, understanding the formation and 
subsequent dissipation of these flow structures has been the focus of considerable 
research. 
 
It was previously discussed in Section 2.3.1, that the shear imparted on the flow by the 
high velocity valve jet results in a maximum turbulence occurring early in the intake 
stroke.  Furthermore, the instability in the valve jet was identified as a source of cycle-
to-cycle variation of flow structures during the intake stroke.  This was studied by 
St. Hill et al. (2000), who quantified the turbulence within the valve jet region of a 
motored IC engine using LDV, and investigated the jet induced flow instability.   As 
expected, a maximum turbulence of u’ = 2.5 m.s-1 was calculated within the valve jet 
region early in the induction stroke before reducing to a minimum of approximately 
u’ = 0.8 m.s-1 at BDC.  This magnitude in turbulence remained fairly constant through to 
270˚ CA ATDC, after which no further data was obtained.  It was stated that cycle-to-
Eqn. (2.13) 
Eqn. (2.12) 
Eqn. (2.11) 
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cycle variation in flow structures followed similar trends to the calculated turbulence, 
with a peak occurring early in the intake stroke and reducing to a relatively constant 
level early in the compression stoke.  However, it was noted that the magnitude of flow 
variability was greater than the turbulence fluctuations at TDC.  Although not 
investigated, this level of flow variability close to spark ignition would be expected to 
have a significant impact on combustion stability.  The results discussed by St. Hill et al. 
(2000), support the earlier work of Hong and Tarng (1998) who used two point LDV to 
quantify the turbulence and integral length scale within the cylinder of motored optical 
engine through the intake and compression stroke.  Results showed the formation of 
small eddy structures with an integral length scale of approximately lI = 3 mm, during 
intake.  The size of these eddy structures was observed to remain fairly constant 
through to BDC,  while the turbulence was shown to increase to a maximum of 
u’ = 3.5 m.s-1 occurring at 90˚ CA ATDC intake.  Over the crank angle range 135˚ CA to 
225˚ CA the integral length scale increased to a maximum of approximately lI = 8 mm, 
while the turbulence decreased to approximately u’ = 2 m.s-1.  Both turbulence and 
length scale decreased to a local minimum near TDC (l = 5 mm and u’ = 0.5 m.s-1), as a 
result of the compression effect of the moving piston.  Similar trends in turbulence 
dissipation have been reported by Li et al. (2002, 2004), Park et al. (2004) and Krishna 
et al. (2009), whereby the large- and small-scale flow fluctuations have a maximum 
occurring early in the intake stroke and subsequently decrease to a local minimum 
close to BDC, before increasing slightly by the time of spark ignition. 
 
Funk et al. (2002) extended the study of large scale flow structures presented by 
Reuss et al. (2000), discussed in Section 2.3.2, to quantify the kinetic energy, length 
scales and dissipation rates in the same engine. Comparison of the total kinetic energy 
(K) for the two swirl conditions demonstrated a larger energy content within the high 
swirl flow throughout the length scale range, with the difference increasing with 
increasing length scale.  However, comparison of the turbulent kinetic energy (k), 
calculated based on Reynolds decomposition, showed similar magnitudes at the 
smaller scales, with the high swirl condition being slightly higher than the low swirl 
case.  This is in contrast to the largest scales (l>10mm), where the low swirl case was 
calculated to have a higher turbulent kinetic energy compared to the high swirl flow.  
For both swirl conditions, the turbulent kinetic energy was calculated to be greatest 
over the central regions of the swirl flow, where Reuss et al. (2000) had observed the 
highest cycle-to-cycle variation in coherent flow structures. 
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The effect of tumble and swirl flow on TDC turbulence and the subsequent effect of 
combustion was also investigated by Lee et al., (2007) using a four valve SI engine.  
Flow field measurements were completed within the combustion chamber using LDV, 
while an ICCD camera was used to capture flame growth through an optical piston 
crown.  In-cylinder tumble was induced by changing the intake port angle (15˚, 20˚ and 
25˚), while a swirl control valve was positioned in the inlet ports to increase the in-
cylinder swirl ratio.  The 20˚ port angle was shown to result in the most defined tumble 
vortex within the cylinder and the highest turbulence by the time of ignition.  This 
increase in turbulence was shown, on average, to achieve the shortest time duration to 
2% and 5% mass fraction burned, compared to the other port angles.  Two different 
swirl conditions were also investigated using the 20˚ port angle.  It was concluded that 
while the tumble port produced the greatest magnitude of turbulence during intake, 
greater turbulence decay was observed through the remaining part of the cycle 
compared to the swirl case. 
 
Fajardo and Sick (2009b) calculated the kinetic energy and dissipation rate (ε) spectra 
from PIV measurements in a motored DISI engine at engine speeds of 600 rpm and 
2000 rpm.  Experiments were completed for two swirl conditions, a low swirl ratio of 
SR = 0.8 and a high swirl case of SR = 5.5.  Band-pass filtering of the velocity field data 
was completed using two Gaussian low-pass filters with varying filter-widths of size 
0.2 mm to 200 mm. It was shown that the maximum total kinetic energy decreases with 
increasing wavenumber, i.e. decreasing length-scales.  At each engine speed, the high 
swirl flow contained more kinetic energy than the low swirl flow over the entire length 
scale range.  At each swirl level, high kinetic energies were found at the highest engine 
speed.  Consistent with the trends in kinetic energy, the dissipation rates were highest 
at the highest engine speed for a fixed swirl level and increased with increasing swirl 
level.  As expected the maximum dissipation rate was found at the roll-off point in the 
kinetic energy.  The captured data provided further understanding of the range of flow 
structures present within the cylinder and the associated energy content in these 
turbulent structures.  However, the PIV measurements were obtained at a fixed crank 
angle location, and therefore the temporal development of these flow structures was 
not considered.  
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It is apparent that the majority of research has focussed on the formation and 
dissipation of large scale flow structures, tumble and swirl, to control the turbulent 
flow structures at TDC.  However, as was previously discussed, if no energy is supplied 
to the flow then turbulence dissipates.  Therefore following inlet valve closure only in-
cylinder processes can influence the flow finally formed at TDC.  Following IVC only 
two factors can influence the final TDC turbulence; firstly geometric constraints of the 
combustion chamber geometry and piston crown are known to impact upon TDC 
turbulence (Ting et al., 1995, Erdil and Kodal, 2007), however these are fixed 
constraints and provide no post production flexibility.  Secondly, in DISI engines fuel is 
directly injected into the cylinder at high pressure resulting in the spray entering the 
cylinder at high velocity.  The interaction of this fuel spray with the in-cylinder flow 
structures may present a possible method of adding energy to the mean flow and 
therefore influencing TDC turbulence.   
 
The effect of fuel injection on in-cylinder flow structures has been investigated 
experimentally by Stanglmaier et al. (1996), Davy et al. (1998), Noh et al. (2003) and 
Alger et al. (2005), through the application of laser light sheet imaging of the fuel spray, 
hot-wire anemometry and particle image velocimetry.  Furthermore, numerical 
investigation has been completed by Han et al. (1997) and Suh and Rutland (1999) 
providing additional understanding of this fuel spray/charge motion.  Davy et al. 
(1998) investigated the effects of fuel injection timing on the spatial and temporal 
development of fuel sprays within a firing DISI engine, fitted with a hollow-cone 
injector.  Spray images were captured over a period of approximately 100 CAD 
following start of injection at a frequency of 5 kHz, providing data on the spray and fuel 
droplet behaviour.  An injection timing sweep was completed from SOI=30˚ CA to 
SOI=270˚ CA ATDC intake, in 30˚ CA increments.  Results demonstrated that the 
development of the injected fuel spray was controlled by the state of the intake 
generated flow structures present within the cylinder at the start of injection.  The 
influence of the intake flow on spray formation was show to depend on the phasing of 
SOI with the in-cylinder flow momentum.  For injection timings occurring between 
SOI=30˚ CA and SOI=60˚ CA the flow was observed to have minimal effect on the global 
spray structure, due to the relatively low flow momentum during this phase of 
induction. In contrast, the global spray structure for later injection timings of 
SOI=90˚ CA and SOI=120˚ CA was shown to be deflected away from the intake side of 
the cylinder due to the increase in flow momentum.   
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In addition to the effect of charge motion on global spray structure, it was suggested 
that the intake generated flow structures may be affected by the fuel injection process 
itself.  Spray imaging results indicated that the degree by which the fuel spray 
generated flow structures influence the large scale flow within the cylinder varies with 
injection timing.  Early injection, occurring during the intake stroke, was observed to 
restrict the formation of a coherent large-scale gas motion, while later injection timings 
had minimal effect on the rotational flow.  Similar results were reported by Han et al. 
(1997) and Suh and Rutland (1999) based on numerical investigations into the effect of 
injection timing on air-fuel mixing within a DISI engine.  Results indicated that the 
interaction of the injected fuel spray with the in-cylinder charge motion resulted in an 
increase of the mean gas velocities in the spray region and suppressed the intake-
generated tumble flow (injection timings between SOI=90˚ CA and SOI=180˚ CA).  
Furthermore, an increase in the total kinetic energy and turbulence intensity of the in-
cylinder charge motion was evident immediately following the injection event.    
 
An experimental investigation completed by Noh et al. (2003) discussed the 
installation of a natural gas injector into the cylinder head for the purpose of 
investigating the potential of using an auxiliary air injection to influence turbulence at 
TDC.  Quantification of the in-cylinder flow was made through the application of PIV 
and HWA.  Following  the injection event flow velocities at the start of compression 
increased by U = 1.5-2 m.s-1, equivalent to a 30% increase over the non-injected case.  
This increase in mean flow velocity was sustained through to TDC and resulted in 
approximately a 40% increase in swirl momentum for the injected cases.  This 
modification to the mean flow resulted in an increase in turbulence of approximately 
u’ = 0.3 m.s-1 for an injection pressure of 3 bar occurring at 210˚ CA ATDC.  Constraints 
on space within the cylinder head of DISI engines, and the additional cost of this system 
limits acceptability of an auxiliary injector being used.   
 
A more recent study completed by Alger et al. (2005) applied the PIV velocity 
measurement technique to quantify the effect of fuel injection on velocity fluctuations 
within the bowl of a stratified charge DISI engine.  PIV measurements were captured 
from 300˚ CA to 320˚ CA in increments of 20˚ CA at six different engine speeds, 750, 
1000, 1250, 1500, 1750, and 2000 rpm.  Measurements were performed with and 
without fuel injection to study its effect on the in-cylinder flow fields.  The no injection 
results highlighted an organised clockwise swirl flow with a centre of rotation that 
moved from outside of the piston bowl, 270˚ CA to inside the bowl area, 320˚ CA, as the 
Literature Review 
 
 
36 
 
piston travelled towards TDC.  The dominant swirl flow structure remained evident 
within the cylinder at all captured crank angle locations, however flow velocity was 
shown to decrease as the piston approached TDC due to the reduced piston speed and 
decay due to viscous forces.   It was reported that noticeable differences were evident 
in the flow field structure when comparing this no injection case with the injected 
cases.  At the lowest investigated engine speed, 750 rpm, the effect of fuel injection was 
evident within the measurement region 300˚ CA ATDC.  Compared to the no injection 
case, the velocity magnitude was increased and the fuel jet had destroyed the bulk 
swirl flow.  By 310˚ CA the velocity magnitude with the bowl had increased to 
approximately twice that of the no injection case.  However, by 320˚ CA the increase in 
flow velocity and the structure imposed by the fuel spray was shown to have begun to 
decay and a swirl-like structure appeared to be re-forming within the bowl.  It was 
reported that the effect of fuel injection on the bulk swirl flow structure became less 
apparent with increasing engine speed.  For the highest investigated engine speed, 
2000 rpm, the increase in flow momentum was high enough not to be overwhelmed by 
the fuel jet and while the mean flow velocities remained higher compared to the no 
injection case, the overall bulk swirl  flow structure was relatively unaffected.  
Furthermore, a comparison of turbulence levels calculated at the captured crank angle 
locations thought the cycle were made with and without fuel injection for three 
different engine speeds, 750, 1500 and 2000 rpm.  Results demonstrated an overall 
increase in turbulence for the injected cases for all engine speeds, which was then 
shown to decay as the cycle progressed, with similar magnitudes evident between the 
no injection an injection cases 320˚ CA ATDC.  
 
The previously discussed research has highlighted that a wide range of flow structures 
within the cylinder and the application of PIV to simultaneously quantify the spatial 
and temporal development of these flow structures.  However, as will be discussed in 
Chapter 3, PIV is a spatial and temporal averaging technique, limiting the smallest 
scales of flow structure that can be resolved.  While sufficient resolution can generally 
be achieved to capture the scales of flow that influence flame growth it is limited in its 
application to study the dissipative scales that impact on fuel/air mixing.  Peterson and 
Ghandhi. (2009, 2010) have recently shown the capability to make fully resolved 
turbulent scalar field measurements within an IC engine through the application of 
Laser Induced Fluorescence (LIF).  The technique requires a fluorescent tracer, in this 
case fluorobenzene, to be doped into one of the two intake flow streams.  The dopant 
was excited using an Nd:YAG laser (λ = 266 nm) and images captured on a CCD camera. 
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The resultant images allowed for an analysis of the structural detail of the scalar 
dissipation fields by the mixing of the two intake streams.   Using this measurement 
technique the integral length scale and Taylor micro-scale during intake was calculated 
to be in the range of lI = 3.03 mm to lI = 7.95 mm and lT = 0.54 mm to lT = 1.30 mm 
respectively.  Furthermore, the Bachelor scale (lB), representative of the smallest scales 
that exist before molecular diffusion, was calculated to be in the range of lB = 29 µm to 
lB = 34 µm. 
 
2.3.4 Application of High Speed PIV Systems to IC Engine Flows 
 
Until recently, repetition rates of flow and scalar field measurements were restricted to 
one exposure per engine cycle (Reuss, 2000, Funk et al., 2002, Li et al., 2002 
Justham et al., 2006, Fajardo and Sick, 2009b).  However, advances in laser technology 
and high frame rate cameras has enabled advances in PIV systems to be realised.  
Reeves et al. (2000), Towers and Towers (2004), Ghandi et al. (2005), 
Jarvis et al. (2006) and Fajardo and Sick (2007, 2009a) have demonstrated the 
application of high speed PIV to quantify in-cylinder flow structures with high spatial 
and temporal resolution.  In-cylinder swirl plane measurements were captured using 
time-resolved PIV measurements of in-cylinder flow have been presented by Reeves et 
al. (2000) and Towers and Towers (2004).  Reeves et al. (2000) used a copper vapour 
laser that supplied 30 ns pulses with energies up to 6 mJ per pulse to illuminate the 
flow.  The Mie scattered signal from 35 µm diameter acrylonitrile microballons were 
recorded using a digital camera at 9 kHz.  The spatial resolution of 5 mm was however 
limited by the camera image format of 256 by 256 pixels at the specified operating 
frequency.  Following this work, Towers and Towers (2004) used a similar system to 
quantify flow within a motored DISI engine.  Measurements were obtained with a high 
temporal resolution of 13.5 kHz, allowing for crank angle resolved data to be acquired 
at an engine speed of 2000 rpm.  However, achieving this temporal resolution required 
the camera resolution to be reduced to 128 by 128 pixels, limiting the smallest 
measureable eddy size to l = 2.9 mm.  The authors used low pass velocity filtering to 
remove the high frequency flow components associated with turbulence to further 
understand cyclic variability in the large scale flow structures.  Considering the flow 
velocities were in the range of U = 5 m.s-1 to U = 20 m.s-1 the largest vortices 
correspond to frequencies from 40 Hz to 170 Hz, whereas the smallest eddies range 
from 300 Hz to >1000 Hz.  Based on this analysis a cut-off frequency of 300 Hz was 
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used to decompose the flow into its low frequency bulk motion and high frequency 
turbulence.   
 
In the latter two approaches, the use of a single laser operating at a fixed frequency 
prevented the flexibility of adjusting the time separation between laser pulses, critical 
to obtaining high quality PIV data.  A more flexible approach was developed by 
Ghandhi et al. (2005) who obtained swirl plane PIV velocity field measurements at 
1 kHz with a camera resolution of 1024 by 1024 pixels, at engine speeds of 600 rpm 
and 1200 rpm.  The high speed PIV system consisted of a frame straddling CMOS 
camera and a dual-head Nd:YLF laser.  Spatial and temporal high pass velocity filtering 
were used to qualitatively compare the differences in turbulent kinetic energy for a 
range of cut-off frequencies/lengths.  Results demonstrated the expected trends of 
increasing turbulent kinetic energy with increasing cut-off length and decreasing filter 
frequency.  This occurs due to the instantaneous flow having the greatest deviation 
from the mean flow at the smallest analysed length scales and highest frequencies.   
Furthermore, the integral time scale was determined based on the temporal 
correlation analysis of the data, and found to be approximately 18 CAD, independent of 
engine speed, while the integral length scale was found to be approximately 
lI  = 15 mm.  The difference between spatial and temporal filtering was also presented, 
highlighting comparable magnitudes in turbulent kinetic energy for the two 
techniques. 
 
Jarvis et al. (2006) have since extended this approach to quantify the cyclic variability 
in in-cylinder flows during intake and compression with a higher spatial resolution.  In 
this work, velocity fields were captured at 5 kHz over a 17.5 mm by 17.5 mm 
measurement area, providing a temporal resolution of 1.8˚ CA at an engine speed of 
1500 rpm and a spatial resolution of l = 0.56 mm.  Low frequency FFT filtering of the 
velocity field data was completed, using a filter frequency of 300 Hz, to further 
understand cyclic variability in the large scale bulk motions.  Results demonstrated 
that large variations in in-cylinder flow fields during the intake phase of the engine 
cycle was linked to variations in the intake valve jet flow and tumble recirculation 
centre, with decreasing variation in bulk motion during the compression stroke.  
However, no discussion was provided in reference to variations in high frequency 
velocity components, which are known to influence flame propagation and IC engine 
burn rate. 
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Fajardo and Sick (2007) have presented the application of a high speed UV PIV system 
to a fired, stratified charge, DISI engine.  The system consists of a single laser and 
camera system operating at a frequency of 16 kHz, providing sufficient temporal 
resolution to obtain approximately four images per crank angle at an engine speed of 
600 rpm.  However, to achieve this sub crank angle temporal resolution required the 
camera resolution to be reduced to 352 by 352 pixels.  By using the third harmonic of 
the Nd:YAG laser and a 50 µs exposure time, detection of the combustion luminosity 
was completely eliminated, while the dynamics of the spark discharge was captured.  
This system was used to investigate flow field structures within the combustion 
chamber leading up to ignition.  Specifically, the spatially averaged velocity magnitude 
in the vicinity of the spark plug was shown to  increase by a factor of three following 
fuel injection.  Furthermore, an increase in shear strain rate was evident for 
approximately 50% of the captured engine cycles.  Despite obtaining data local to the 
spark plug at the time of ignition for fired engine operation, no correlation between the 
velocity derivatives and pressure derived performance parameters was made.  The 
authors (Fajardo and Sick, 2009) have since developed this PIV system to enable 
velocity measurements to be made at a higher engine speed of 2000 rpm.  At this 
engine speed the flow velocities are significantly higher, requiring the laser pulse 
delays for PIV to be shorter.  To achieve this flexibility in laser pulse delay, two 
frequency tripled Nd:YAG lasers were used, illuminating the same region within the 
flow.  The authors presented data captured at 6 kHz, enabling velocity fields to be 
captured every other crank angle degree at an engine speed of 2000 rpm. 
 
More recently, Müller et al. (2010) utilised a high speed (6 kHz) PIV system to 
investigate the temporal development and cyclic variation of flow field structures 
within an optically accessible direct injection spray guided IC engine.  The temporal 
evolution of flow field structures during the compression stroke was recorded over 
80˚ CA up to TDC at an engine speed of 1000 rpm.  This provided crank angle resolved 
data to be acquired over a relatively large spatial measurement region of 43 mm by 
44 mm.  Velocity field data was used to quantify the development of total kinetic 
energy (K) and turbulent kinetic energy (k) through the compression stoke.  The total 
kinetic energy was shown to first increase to a maximum immediately prior to the 
piston entering into the field of view, ~60˚ CA BTDC.  This resulted from the high 
velocity flow travelling across the surface of the piston crown entering the 
measurement region and impacting upon the calculation of K.  Over the subsequent 
20˚ CA, the total kinetic energy decreases by approximately 25% as the large scale 
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vortex established during the intake stoke dissipates into smaller vortices.  The 
dissipation of energy was then shown to slow for a 10˚ CA before rapidly decreasing at 
approximately 35˚ CA.  During this period the calculated turbulent kinetic energy 
increases to a peak occurring at the point of maximum decay in K.  Similar trends in 
kinetic energy were presented at engine speeds of 500 rpm and 2000 rpm, with the 
main differences being the point at which maximum decay in total kinetic energy 
occurred.   
 
2.4 Fluid Measurement Techniques 
 
The accurate measurement of fluid flow velocity is an important aspect of many areas 
of engineering.  Applications ranging from flow through pumps, pipes and valves in 
fluid transport systems, aerodynamic analysis of locomotives (Baker et al. 2001, 
Loose et al. 2006),  aircraft (Troolin et al. 2006, Konrath et al. 2006) and automobiles 
(Lawson et al. 2007), complex flows in the field of turbomachinary 
(Woisetschlager et al. 2003, Lawson 2004, Wernet, 2000) and internal combustion 
engines (Reeves et al. 1995, Haste, 2000) through to the study of high speed flows with 
shocks (Schrijer et al. 2006, Murphy and Adrian 2007).  The ability to obtain 
quantitative data relating to the flow is crucial to the design and development of 
components and systems as well as the validation of mathematical modelling tools.   
 
This section discusses a range of intrusive and non-intrusive optical measurement 
techniques that have been applied to the study of in-cylinder flow processes, and have 
been referred to in earlier sections of this chapter.  These include hot wire anemometry 
(HWA), laser Doppler velocimetry (LDV) and particle image velocimetry (PIV) for the 
purpose of fluid velocity measurement, spontaneous Raman spectroscopy (SRS) and 
laser induced fluorescence (LIF) for the purpose of species quantification and 
temperature measurement and laser induced incandescence (LII) for the study of 
particulate formation. 
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2.4.1 Invasive Measurement Techniques 
 
A number of techniques exist to enable the measurement of fluid flow, these can be 
divided into two main groups, invasive and non-invasive.  Two types of invasive fluid 
measurement techniques are pitot tubes and hot-wire anemometers.  Pitot-static tubes 
located directly in the fluid flow measure both the stagnation and static pressure of the 
fluid.  Bernoulli’s equation states that the dynamic pressure is the difference between 
the stagnation and static pressure, hence the fluid velocity can be determined.  Hot 
Wire Anemometry (HWA) works on the principle that gases flowing past a conductive 
wire alters the electrical response of the wire by convecting heat away from it.  The 
change in resistance due to a temperature change provides information on the flow 
velocity, Figure 2.6.  
 
 
Figure 2.6 Schematic of constant temperature hot-wire anemometry, example IC engine data 
captured using HWA obtained from Erdil and Kodal, (2007)  
 
 
The application of these techniques is limited, since they provide only point-wise 
measurements of fluid velocity.  Furthermore, the use of mechanical probes perturbing 
the flow also affects the accuracy of the measurements obtained.  Despite these limiting 
factors a number of authors including Song et al. (2001) and Erdil and Kodal (2007), 
have used the HWA measurement technique to study in-cylinder flow structures.   
 
Hot-wire probe
Flow (U)
Heat 
Transfer (Q)
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2.4.2 Laser Doppler Velocimetry (LDV) 
 
Laser Doppler Velocimetry (LDV) is an optical measurement technique for measuring 
fluid velocities.  This non-intrusive point-wise velocity measurement technique was 
first introduced by Yeh and Cummins (1964), and has since become an established 
technique for the measurement of turbulent and reacting fluid flows.  Figure 2.7 
provides a schematic of the basic experimental configuration required for LDV 
measurements. 
 
In its simplest form, two coherent light beams are arranged to intersect at the focal 
length of the lens.  Interference fringes are formed at the point of intersection, termed 
the measurement volume.  Tracer particles are added to the flow, which scatter light as 
they pass through the measurement volume.  The amount of light scattered varies as 
the particle passes through the interference fringes, which is captured on a photo 
detector, which converts the light intensity to a voltage signal.  LDV makes use of the 
fact that the frequency of this fluctuation is equivalent to the Doppler shift between the 
incident and scattered light, and thus proportional to the component of particle 
velocity which lies in the plane of the two laser beams.   
 
LDV has been widely used in the study of in-cylinder fluid flow due to the high 
sampling rates, enabling sub crank angle resolution data to be captured.  However, data 
can only be captured at a single point within the measurement region and therefore 
provides no information regarding the spatial structures within the flow.  Obtaining 
spatial information using LDV is extremely time consuming, requiring systematic 
shifting of the measurement volume along two axis.  Considering the cyclic variability 
of IC engine flows, this approach to obtaining both spatial and temporal information 
using LDV would require statistical averaging techniques over a large number of cycles 
to be applied.  Alternatively, the use of multiple LDV systems can provide spatial 
information, however this approach increases the complexity of the experimental 
configuration and cost of the complete measurement system. 
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Figure 2.7 Schematic of experimental setup for laser Doppler velocimetry (LDV)  
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2.4.3 Particle Image Velocimetry (PIV) 
 
Particle image velocimetry (PIV) is a non-invasive optical measurement technique, 
which provides the capability of mapping two dimensional velocity fields with high 
temporal and spatial resolution.  The origins of PIV lie in an early optical measurement 
technique developed in the field of solid mechanics by Burch and Taokarski (1968), 
termed Laser Speckle Photography (LSP).  In 1977, three different research groups 
Barker and Fourney (1977), Dudderar and Simpkins (1977) and Grousson and 
Mallick (1977) independently demonstrated that LSP could be adapted to the 
measurement of fluid flow.  However, it was not until 1984 when the term Particle 
Image Velocimetry (PIV) was first introduced by Pickering and Halliwell (1984) and 
Adrian (1984).   
 
The PIV measurement technique calculates the velocity of the fluid indirectly, by means 
of measuring the displacement of tracer particles suspended within the flow over a 
known time separation.  Therefore the geometric and physical properties of the tracer 
must be selected to ensure it faithfully follows the highest frequency structure within 
the flow.  A two-dimensional laser light sheet is formed within the flow, illuminating 
the required area over which velocity measurements are to be calculated.  The light 
scattered by these tracer particles as they pass through the laser light sheet enables 
their instantaneous position to be recorded on a camera, positioned perpendicular to 
the light sheet, as illustrated in Figure 2.8.  Capturing successive images of the particles 
with a known time separation between frames enables the velocity of the particles to 
be calculated.  Analysis routines are used to determine the particle displacements 
between image pairs, enabling two in-plane velocity components to be calculated over 
the defined spatial region.  Further details of the PIV setup and analysis procedures is 
provided in Chapter 3.   
 
Standard PIV systems have typically operated in the 15 Hz range.  Considering the 
rotational frequency of an engine operating at 1500 rpm is 25 Hz, these systems did 
not provide adequate temporal resolution to resolve the flow field development 
through a single engine cycle.  Consequently flow field analysis using PIV has been 
limited to single-shot PIV experiments, providing a single velocity vector field at a 
specific time in the engine cycle.  This application of PIV has provided valuable 
information regarding the spatial flow structures, however averaging techniques are 
required to understand the temporal development of the flow at different crank angles 
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through the cycle.  Recent advances in laser and camera technology has lead to the 
development of High Speed Digital PIV systems allowing two-dimensional velocity 
vector fields to be captured at kHz rates.  These systems provide the opportunity to 
quantify the temporal and spatial development of flow structures through the engine 
cycle, at real engine speeds.   
 
 
 
Figure 2.8 Schematic of experimental setup for particle image velocimetry (PIV) 
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There are however, limitations of 2D PIV in relation to the study of in-cylinder fluid 
flow.  One disadvantage is that it only provides information of tracer particles moving 
in the plane of the light sheet and does not account for out of plane velocity 
components.  To quantify the third component of velocity it is necessary to use a 
second camera imaging the same area of the flow as the first but at a different viewing 
angle.  The parallax effect results in a slight difference in the two velocity components 
obtained from each camera.  The difference occurs as a result of the out-of-plane 
velocity component and the geometric configuration of the two cameras.  Therefore by 
calibrating the images, correcting for the parallax effect, it is possible to determine the 
three components of velocity over the defined measurement area.  This measurement 
configuration is termed stereoscopic PIV, a schematic of which is presented in  
Figure 2.9. 
 
 
Figure 2.9 Schematic of stereoscopic PIV experimental configuration  
 
 
The second disadvantage is that it is a 2D measurement technique, whereas in-cylinder 
fluid flows are three-dimensional.  Recently, considerable research has being directed 
at the development of holographic PIV systems to enable three-dimensional 
reconstruction of the flow to be captured.  In holographic PIV the measurement region 
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is illuminated with a coherent light beam, and the scattered light is captured on a 
holographic plate (Figure 2.10).  The scattered light is made to interfere with a 
reference beam forming an interference pattern on the recording medium, termed the 
hologram.  It can be shown that if the hologram is illuminated by the original reference 
beam, a light field is diffracted by the reference beam which is identical to the light field 
that was originally scattered by the object or objects.  Provided sufficient laser power is 
available, the light sheet can be extended to form a large volume within the flow.  By 
interfering the scattered light from all the particles within the measurement volume 
with a reference beam, as described above, a hologram can be formed.  The information 
contained within a high quality hologram can be used to extract several millions of 
velocity vectors providing three dimensional data on the flow being studied.  While 
considerable research is being completed in this area, and while the technique has 
been successfully applied to IC engines by Konrath et al. (2002), Coupland et al. (2006), 
it remains a highly expensive measurement technology.  Furthermore, it is not 
currently possible to record a sufficient number of holograms to give stable turbulence 
statistics, other than for micro-scale applications. 
 
 
 
Figure 2.10 Schematic of Holographic PIV experimental setup 
 
 
A further disadvantage with PIV is the requirement for tracer particles to indirectly 
measure the fluid flow, limiting the accuracy of the measurement technique.  Molecular 
Tagging Velocimetry (MTV) is an alternative technique that has been developed to 
overcome these limitations.  A number of researchers including Ismailov et al. (2006) 
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and Mittal et al. (2009) have utilised the MTV measurement technique for the purpose 
of studying large scale flow structures within optical IC engines.  The measurement 
principle relies on the flow being doped with a chemical which phosphoresces when 
excited by an incident laser beam. The laser light is manipulated to form a uniform grid 
through the measurement region, as illustrated in Figure 2.11.  The grid pattern is then 
deformed by the movement of molecules within the flow being measured.  As with PIV, 
capturing multiple images of this grid deformation and performing spatial correlation 
of image pairs results in the calculation of velocity vector fields. 
 
 
Figure 2.11 Schematic of MTV experimental setup (schematic redrawn and images obtained from 
Ismailov et al. 2006) 
 
 
Despite these disadvantages, two dimensional high speed PIV provides the capability of 
obtaining fluid flow measurements on both a spatial and temporal basis.  Although 
alternative PIV systems enable three components of velocity to be obtained it comes at 
increased system complexity and overall system cost.   
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2.4.4 Spontaneous Raman Spectroscopy (SRS) 
 
Spontaneous Raman Spectroscopy (SRS) permits the simultaneous measurement of the 
concentrations of all major species of combustion: H2O, CO2, N2, O2 and HC, from which 
the AFR and residual gas content of the charge can be obtained simultaneously.  The 
principle of SRS is that when a photon collides with a molecule its rotational and 
vibrational energy is affected.  Interaction of the laser beam with a molecule at its 
ground state results in the excitation to a higher virtual energy level.  This corresponds 
to the emission of a photon of less energy, shifted up in wavelength, referred to as 
Stokes Raman Scattering.  Conversely, a molecule which is in its excited state moves to 
a lower energy level emitting a new photon with a wavelength lower than the incident 
light, referred to as anti-stokes Raman scattering, Figure 2.12.  A spectrometer is used 
to measure the wavelength and intensity of the molecules vibrational energy.  Since the 
vibrational frequency of the molecules is species specific the data recorded on the 
spectrometer provides  information relating to the type and number density of species 
present in the flow.  The main problem with this technique is the low signal strength, 
however, this is becoming less of an issue with commercially available high power 
pulsed lasers and intensified cameras. 
 
 
Figure 2.12 Schematic of experimental setup for Raman Spectroscopy 
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2.4.5 Planar Laser Induced Fluorescence (PLIF) 
 
Planar Laser Induced Fluorescence (PLIF) is used to obtain species information within 
a flow or flame.  Its application in IC engines has primarily been for the investigation of 
AFR distribution (Schultz and Sick, 2005,  Kirchweger et al. 2007, Stevens et al. 2006, 
Williams et al. 2008) although it has also been used to investigate in-cylinder 
temperature (Kampanis et al. 2006) turbulent flow structures (Peterson and Ghandhi, 
2009, 2010) and combustion (Bessler et al. 2005, Fajardo et al. 2006).  
 
The principle of LIF is based on the theory of quantum mechanics, whereby the 
molecules are initially held in a ground energy level, until they are excited to a higher 
level by absorbing energy from the incident laser beam (Zhao and Ladommatos, 1998).  
This process requires that the wavelength of the incident light beam is matched exactly 
to the specific energy transition of the investigated molecule.  Due to the unstable 
nature of the higher energy levels the molecule falls back to its ground energy level, 
emitting a photon of particular wavelength and energy.  The intensity of the energy 
emitted is proportional to the power of the laser and the number density of the 
scattering species.  Typically a single pulsed laser and diffractive optics are used to 
form a light sheet within the flow or flame being studied.  Therefore capturing the light 
onto a CCD camera provides spatial and temporal information on species 
concentration.   
 
 
2.4.6 Laser Induced Incandescence (LII) 
 
Laser Induced Incandescence (LII) is an optical measurement technique that offers a 
means for spatially and temporally measuring the soot volume fraction and primary 
soot particle size within the cylinder of IC engines (Smallwood et al. 2002).  The LII 
technique is based on the rapid heating of soot particles using a pulsed laser source 
with duration typically less than ~10 ns.  During the laser pulse, the soot is heated from 
the local ambient soot temperature to a temperature approximately equal to the soot 
vaporization or more accurately, the carbon sublimation temperature of approximately 
4000 K (Smallwood et al. 2002).  The emitted radiation signal of the soot is then 
significantly higher than the particles at flame temperature, ~2200 K, allowing for the 
light emitted by combustion-heated particles to be removed from the LII signal using 
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an appropriate filter (Francqueville et al. 2010).  After the pulse, the soot radiation will 
decay in some hundred nanoseconds, until the temperature reaches the flame 
temperature.  If this laser-induced soot incandescence is temporally resolved, the 
decay time provides information on the primary soot particle size, with a longer decay 
time occurring for the larger particle sizes.  The dominant cooling mechanism for the 
particles is conduction to the surrounding gas, while second order mechanisms are 
sublimation and radiative emission, Figure 2.13.  However, to extract this particle size 
information calibration with a known source is required.  The incandescence from the 
soot particles is measured using collection optics and photo detectors. With 
appropriate calibration and analysis of the incandescence signal, information on the 
soot volume fraction and primary soot particle size can be obtained. 
 
 
 
Figure 2.13 Principle of laser induced incandescence (LII) 
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2.5 Velocity Field Decomposition Techniques 
 
During recent decades experimental measurement techniques for the study of fluid 
dynamics has developed considerably.  The two-dimensional velocity vector fields 
obtained using particle image velocimetry (PIV), three dimensional velocity vector 
fields obtained from direct holographic PIV and stereoscopic PIV have provided insight 
into the scales, kinematics and dynamics of turbulence.  The spatial and temporal 
resolution of this quantitative data has required new methods of extracting 
information from the data to be developed and for the results to be interpreted 
correctly to gain further understanding of the properties of turbulent flows. 
 
The importance of understanding the scales of IC engine turbulent flow structures with 
regards to mixing and combustion is discussed later in this chapter.  However, to 
quantify these turbulence scales it is necessary to decompose the velocity vector fields 
into components of different length and/or time scale.  In general there are three 
different types of decomposition technique: Reynolds decomposition, large eddy 
simulation (LES) decomposition and convective decomposition.  Figure 2.14 provides a 
diagram detailing the categorisation of these decomposition techniques.   
 
 
Figure 2.14 Categorisation of decomposition techniques (Adrian et al. 2000, Tu and Trägårdh, 
2002) 
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Figure 2.15 illustrates the decomposition techniques in wave space, plotting wave 
number (ω = 2π/λ) against frequency (f).  It is clearly demonstrated that application of 
the Reynolds decomposition in space or time provides an extreme approach to 
understanding the nature of the flow, in that the decomposition only isolates the 
components that have infinite scale from the others.  A more general approach is to 
decompose the space-time spectrum of the flow field into two or more groups, each 
representing different aspects of the flow field.  LES decomposition is a useful 
technique in visualising the small-scale turbulent eddies as it removes the translation 
imposed by the large scale imposed on the small scale vortices.  The following sections 
of this chapter provide an overview of the theory for each of the decomposition 
techniques outlined in Figure 2.14 and Figure 2.15, and its application to PIV data.   
 
 
 
Figure 2.15 Illustration of the decomposition techniques in wave space (Adrian et al. 2000, Tu and 
Trägårdh, 2002) 
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2.5.1 Reynolds Decomposition 
 
Reynolds decomposition has become the standard method of describing turbulent 
velocity fields, decomposing a flow field into a mean and fluctuating component.  If the 
total velocity, U, is expressed as a function of position and time U(x,t), then Reynolds 
decomposition can be formulated as follows 
 
U = Ū + u 
  
U = the total velocity component 
Ū = the mean velocity component 
u = the fluctuating velocity component 
 
 
Time averaged Reynolds decomposition uses the mean of the time series, separating 
the field into a component that has infinite timescales (ω = 0) and a fluctuation that 
contains all other components of a shorter timescale.  Therefore, decomposing the flow 
into low frequency bulk motions and high frequency fluctuations.  Space averaged 
Reynolds decomposition uses the mean of the whole considered space, dividing the 
field into infinite spatial scales (f = 0) and a fluctuation that contains all other 
components of smaller spatial scales.  Figure 2.16 highlights the difference in time-
averaged and space-averaged Reynolds decomposition for a PIV vector field of size 
[N,M] and for n captures in time.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16 Comparison of time- and space- averaged Reynolds decomposition 
t=n
t=0
◄ Time-averaged: 
Velocity data averaged over 
time, t, at each vector location 
within PIV field 
▲ Space-averaged: 
Velocity averaged over 
the entire vector field at 
each instance in time 
Eqn. (2.14) 
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2.5.2 Local Mean Velocity (LMV) Decomposition 
 
Local mean velocity decomposition (LMV) is a technique similar to Reynolds 
Decomposition.  However, rather than taking an average over the entire spatial field, 
the average over a small local region is calculated.  This LMV is used as the reference 
velocity for interpreting the fluctuating flow, and the size of the region over which the 
LMV is calculated is referred to as the length scale.  Subtracting this fixed LMV from the 
appropriate velocity vector will reveal eddies in one area of the vector field where the 
fluid flows at exactly the chosen mean velocity, while they will remain hidden at all 
other regions, where the fluid is flowing faster or slower.  By varying the size of the 
region over which the LMV is calculated will vary the amount of energy contained 
within the mean field and provide insight into the scales of flow structure present 
within the flow. 
 
2.5.3 LES Decomposition 
 
Large eddy simulation (LES) decomposition separates the space-time spectrum into 
two or more groups defining the large and small scale flow structures within the flow.  
This decomposition is achieved through the use of a low-pass filter applied in either the 
frequency domain using a fast Fourier transform (FFT) or in the time domain using 
convolution.  The high frequency component is then calculated by subtracting the low 
frequency component from the instantaneous velocity: 
 
U = ULF + UHF 
  
U = total velocity component 
ULF = low frequency velocity component 
UHF = high frequency velocity component 
 
 
The filtering kernel used to decompose the flow into its low and high frequency 
component can be either a standard homogeneous filter, e.g. Gaussian, Butterworth, 
Top-Hat etc., or an inhomogeneous filter, e.g. Proper Orthogonal Decomposition.  
However, this process requires the selection of an appropriate cut-off frequency, 
defining the transition from the low frequency to high frequency component.   
Eqn. (2.15) 
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2.5.4 Singular Value Decomposition (SVD) 
 
Singular Value Decomposition (SVD) is a well-known mathematical tool that can be 
used to decompose velocity field data into spatio-temporal modes, that may reveal 
coherent flow structures that were not necessarily visible initially.  Singular value 
decomposition can be interpreted from three points of view,  firstly it is a method for 
transforming correlated variables into a set of uncorrelated ones that better expose the 
various relationships among the original data items.  Secondly, the SVD is a method of 
identifying and ordering the dimensions along which the data points exhibit the most 
variation.  This links to the third interpretation of SVD as a technique for best 
approximating the original data points using the fewest dimensions.  Figure 2.17 
graphically illustrates these interpretations of the SVD.  Fitting a linear regression line 
through the original data points shows the best approximation of the original data with 
a one-dimensional line.  It is the best approximation, in the sense that it is the line that 
minimises the distance between each individual data point and the regression line.  
Plotting a perpendicular line from the data point to the regression line and taking the 
intersection as the new data point, a reduced representation of the original data set 
would be formed that captures as much of the original variation as possible and is 
termed the first principle component of the original data points. 
 
 
Figure 2.17 Illustration of first and secondary principle components  
of a set of arbitrary data point 
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since it corresponds to a dimension exhibiting less variation to begin with.  It is 
possible to use these components to generate a set of uncorrelated data points that will 
show sub-groupings in the original data, that were not necessarily visible initially.  
Singular value decomposition therefore enables high dimensional, high variable sets of 
data to be reduced to lower dimensional space that exposes the substructure of the 
original data more clearly and orders it from most variation to least.  Mathematically, 
SVD is based on the theorem of linear algebra, which states that a rectangular matrix X, 
can be decomposed into the product of three matrices, an orthogonal matrix, U, a 
diagonal matrix, S, and the transpose of the orthogonal matrix, V, and can be presented 
as follows: 
 
Xmn = Unm . Smn . VTnm 
 
The columns of U are the orthogonal eigenvectors of A.AT, the column vectors of V are 
the orthogonal eigenvectors of AT.A and S is a diagonal matrix containing the square 
roots of the eigenvectors from U or V in descending order.  Considering a data matrix X, 
of size [D,T], where T is the number of samples in time and D is the number of data 
points. Computing the SVD of X, results in the matrices U, S and V of sizes [D,D], [D,T] 
and [T,T] respectively.  The matrix U contains the spatial eigenfunctions of X, V 
contains the temporal eigenfunctions of X and S contains the singular values.  That is 
the SVD of X results in T modes (assuming D>T), with each mode consisting of a time 
varying amplitude, a singular component and a spatial mode shape.  The first few mode 
shapes contain the primary dynamics of the flow and the smaller perturbations are 
captured in the higher order modes. To reconstruct the data based on the calculated 
mode shapes, consider a mode, k:  Its singular value is Sk = s(k,k) since S is a diagonal 
matrix with all off-diagonal terms equal to zero.  Its time spatial mode shape is given by 
the kth column of the matrix U, namely U(1:D,k).  Its time varying amplitude is given by 
the kth column, namely V(1:T,k).  This then enables the data matrix for a given mode to 
be reconstructed: 
 
Xk = U(1:D,k) . S(k,k) . V(1:T,k) 
  
Eqn. (2.16) 
Eqn. (2.17) 
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2.5.5 Summary and Selection of Decomposition Technique 
 
As previously discussed, the flow field within the IC engine is highly complex with a 
wide range of flow scales present within the cylinder.  It is understood that these flow 
structures fundamentally affect the rates of fuel/air mixing and flame propagation, 
which enables combustion to take place within the limited time available.  These scales 
of flow structures are known to vary not only temporally and spatially through the 
engine cycle, but also from cycle to cycle.  Analysis routines applied to IC engine flow 
fields are therefore required to quantify the scales of flow structure present within the 
flow, whilst also accounting for the cycle-to-cycle variation.  The previous sections 
provided an overview of the theory relating to a range of velocity field decomposition 
techniques including; Reynolds decomposition, local mean velocity decomposition, 
large eddy simulation (LES) decomposition and singular value decomposition.  This 
section provides a summary of these techniques in relation to IC engine flow field 
analysis and identifies the techniques applied to the PIV data discussed within this 
thesis. 
 
Reynolds decomposition has become the standard method of describing turbulent 
velocity fields, decomposing a flow field into an ensemble average and fluctuating 
velocity component.  The application of this technique in space or time provides an 
extreme approach to understanding the nature of the flow, in that the decomposition 
only isolates the components that have infinite scale from the others (Adrian et al. 
2000).  The ensemble average velocity is defined as the average of values calculated at 
a specific crank angle within the engine cycle.  It is therefore only a function of crank 
angle, having averaged out the cycle-to-cycle variation.  As a result the variations in the 
low frequency bulk motion, which are known to exist within IC engines are not 
properly accounted for within the ensemble average, which can result in an over 
estimation of the turbulence (Park et al., 2004).  Local mean velocity decomposition 
(LMV) is a technique similar to Reynolds Decomposition, however rather than 
calculating an average over the entire spatial or temporal field an average is calculated 
over a small local region (Adrian et al. 2000, Tu and Trägårdh, 2002).  This technique 
therefore has the advantage of calculating a local mean, which accounts for the cycle-
to-cycle variation within the flow.  Furthermore, by varying the size of the region over 
which the local mean velocity is calculated will vary the amount of energy contained 
within the mean field and provide insight into the scales of flow structure present 
within the flow.   
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The LES decomposition was identified as an alternative analysis technique that not 
only accounts for the cycle-to-cycle variation but also provides information on specific 
scales of flow structure with the cylinder.  This technique separates the space-time 
spectrum into two or more groups defining the large and small scale flow structures 
within the flow,  through the use of a low-pass filter.  This low frequency velocity 
component contains the large scale bulk motion present within the flow and is 
representative of the mean flow for the individual cycle.  The high frequency 
component is then calculated by subtracting the low frequency component from the 
instantaneous velocity, providing the velocity fluctuation about the cycle specific mean 
and a more accurate representation of the turbulence level.  While, this capability is of 
particular importance for IC engine flow field analysis, the technique requires the 
selection of a suitable cut-off frequency, which can significantly affect the level of 
calculated turbulence.  Cut-off frequencies in the range of 200 Hz to 400Hz have been 
reported in the literature (Kang et al., 1998, Reuss, 2000, St. Hill et al.,2000, Towers 
and Towers, 2004, Jarvis et al., 2006).  However, selection of this cut-off frequency is 
often arbitrary and has typically been selected based on the size of flow structures 
expected to occur within the bulk motion. 
 
Singular value decomposition was identified as an alternative technique that enables 
the flow to be decompose velocity field data into spatio-temporal modes, that may 
reveal coherent flow structures that were not necessarily visible in the original vector 
fields.  For flows where a small number of modes is sufficient to capture a large fraction 
of the total kinetic energy, the first mode tends to strongly represent the mean flow.  
This decomposition technique is therefore particularly suited to the analysis of cycle-
to-cycle variations in bulk flow within IC engines (Rapso et al., 2000, Drault et al., 2005 
and  Erdil and Kodal, 2007), and to further the understanding of the effect of changing 
engine operating conditions of bulk flow formation. However, for the purpose of 
turbulence analysis, although the SVD technique provides an indication of the energy 
contained within each mode, it is not possible to directly determine the scales of flow 
structure within each mode, without further frequency analysis (Kapitza et al., 2010). 
  
Two analysis routines, LMV and LES decomposition, were therefore selected for the 
analysis of in-cylinder flows  discussed within this thesis.  Both of these have the 
capability of quantifying the spatial and temporal scales of flow structure within the 
cylinder, while also accounting for the  cycle-to-cycle variations in in-cylinder flow.   
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2.6 Concluding Remarks 
 
This chapter has discussed the in-cylinder flow, turbulence, mixing and combustion 
within IC engines and the optical measurement techniques used to quantify these 
process.  An introduction to some of the analysis and decomposition techniques used to 
interpret the data have been provided and the results of previous research presented.  
Discussion of previous research has focussed on understanding premixed turbulent 
combustion, flow field development and dissipation through the engine cycle and its 
influence on mixing and combustion.  The requirement to further understand 
development of flow field structures up to spark ignition with high spatial and 
temporal resolution and the influence turbulent flow structures have on engine 
combustion was highlighted.  Furthermore, while considerable research has focussed 
on the use of tumble and swirl to influence TDC turbulence, limited investigations have 
been conducted into the interaction of the fuel spray with in-cylinder flow structures 
and how this high momentum spray can be used to manipulate TDC turbulence.  The 
following chapter introduces the Jaguar single cylinder optical engine and the high 
speed PIV system used to capture the data discussed within this thesis. 
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3.1 Introduction 
 
As discussed in Chapters 1 and 2, in-cylinder charge motion fundamentally affects IC 
engine combustion, emissions and performance.  In this chapter the experimental 
setup of the single cylinder Jaguar optical engine used during this research and the 
primary measurement technique for quantifying the spatial and temporal development 
of flow fields, high speed PIV, are discussed.   
 
The PIV measurement technique can provide engine designers with quantitative data 
that can be used to study the development of large scale bulk motions and high 
frequency turbulent fluctuations.  This enables their interaction with the injected fuel 
spray and the propagating flame front to be investigated.  Recent advances in PIV 
systems has enabled high spatial resolution data to be captured at kHz frame rate 
(Justham et al., 2006, Jarvis et al., 2006, Rimmer et al., 2009), providing crank angle 
resolution data over successive engine cycles.  It is this high spatial and temporal 
resolution data that can be used to extend the knowledge of fluid dynamics within the 
IC engine as well as provide valuable data for the validation of mathematical models 
used within the automotive industry. 
 
This chapter is divided into two main sections, firstly, a description of the Jaguar 
optical engine facility that was originally  established under an EPSRC project entitled 
‘Combustion Concepts for Sustainable Premium Vehicles (CCSPV)’ by Justham et al. 
(2006) and Jarvis et al. (2006) for the study of cyclic variations of in-cylinder flow.  This 
section provides details of the production engine geometry and its auxiliary control 
and data acquisition systems.  Secondly, a description of the high speed PIV system 
used to complete the velocity field measurements is presented.  This includes a 
summary of the key components of the HSPIV system, processing algorithms, errors 
associated with the PIV measurement technique and the application of the system to 
the Jaguar optical engine. 
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3.2 Jaguar Optical Engine 
 
The engine experiments discussed in this thesis were carried out on a 4-stroke single 
cylinder direct injection spark ignition (DISI) research engine built by Ford (US).  The 
engine was fitted with a prototype cylinder head supplied from Jaguar Cars Advanced 
Powertrain Engineering Group.  The cylinder head was designed to facilitate spray 
guided DISI engine operation, locating both the fuel injector and spark plug in close 
arrangement centrally within the combustion chamber.  This configuration enables the 
engine to be operated in either homogenous or stratified charge combustion modes.  
However, the focus of this research has been on homogenous charge combustion, with 
fuel injection occurring early in the intake stroke. 
 
This 4-valve single cylinder research engine was designed with similar bore and stroke 
geometry to that of a development Jaguar V8 unit.  Therefore, the data obtained from 
the optical engine has provided crucial information for the design and optimisation of 
the production unit at Jaguar Cars.  Table 3.1 provides details of the basic configuration 
of the single cylinder research engine geometry.  It should be noted that 0˚ crank angle 
(CA) corresponds to intake Top Dead Centre (TDC) and that crank angle timings are 
presented with respect to this After intake TDC (ATDC) unless otherwise stated. 
 
 
Table 3.1  Basic Engine Configuration 
 
 
Compression Ratio 10.5:1 
Bore 89.0 mm 
Stroke 90.3 mm 
Valves 2 intake, 2 exhaust 
Fuel delivery 6-hole direct injection 
Maximum speed 2500 rpm 
Intake valve opened 24° CA  
Intake valve closed 274° CA  
Exhaust valve opened 476° CA  
Exhaust valve closed 6° CA 
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The engine consists of a universal crankcase design incorporating counterbalance 
assemblies to offset the inertia force caused by the motion of a single cylinder piston.  
An engine block containing the primary piston was mounted to the crankcase, forming 
the base for the extended Bowditch type piston arrangement, cylinder liner and 
cylinder head supports.  This Bowditch piston arrangement allows for a 45 degree 
mirror to be positioned directly below the piston providing optical access into the 
cylinder through the optical piston crown, as illustrated in Figure 3.1.  A pneumatic 
ram positioned under the cylinder liner was used to raise the liner and seal it against 
the cylinder head.  A regulated 6 bar air supply was used to initially raise the liner into 
position before switching to a 20 bar nitrogen supply to achieve the required ram 
pressures for fired engine operation.  The combination of a detachable optical piston 
and the ram system enables removal of the cylinder liner without interfering with the 
cam timings, providing the necessary access for maintenance and cleaning of the 
optical components.   
 
 
 
 
Figure 3.1 Schematic of the single cylinder Jaguar optical engine Bowditch piston arrangement 
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The purpose of the Jaguar research engine, 
understanding of in-
propagation.  It was designed 
and combustion chamber.  In terms of optical access the engine has the following 
attributes: 
 
1. A pent-roof window for imaging in the area around the spark
2. A piston crown window
the 45 degree mirror; and
3. Options of either a full quartz liner, 
liner with water cooling
 
This provided optical access to the cylinder over the entire engine stroke and virtually 
any location, limited only by the position of the cylinder head supports.  However,  it is 
worth commenting that the diameter of the piston crow
compared to the bore diameter of 89
bore was not possible through this piston crown window.  
 
Figure 3.2 Single cylinder Jaguar optical engine showing Bowditch piston arrangement, full length 
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Figure 3.2, was to further the 
cylinder processes, e.g. fuel spray, charge motion and flame 
therefore to provide full optical access to the cylinder 
 to image towards the intake and exhaust valves, via. 
 
quarter stroke quartz annulus
. 
n window was 65
 mm.  Therefore imaging over the full cylinder 
 
 
optical liner, pent-roof window and optical piston 
 
 plug; 
, or a full steel 
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optical cylinder 
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optical piston 
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3.2.1 Engine Speed and Load Control 
 
Engine speed was controlled by a motoring-absorbing drive system.  This system could 
be operated in two modes, either as an electric motor drive to crank the engine to 
achieve motored engine operation, or to provide a resistive load to absorb the power 
generated under fired engine operation.  The drive system and control unit was 
capable of maintaining the set engine speed to within ±2 rpm under motored and fired 
operation. 
 
Engine load was controlled using a throttle plate positioned upstream of a plenum 
chamber and the absolute pressure monitored on a digital display.  The plenum 
pressure was set manually using a combination of coarse adjustment of the throttle 
plate and a needle valve to regulate flow through an air bleed providing fine 
adjustment of the pressure.  As will be discussed in Section 3.3 the seeding input 
required to complete the PIV velocity field measurements was also input into the 
intake system, upstream of the plenum pressure.  Therefore, the required intake 
manifold pressure for a given operating condition was achieved by a combination of 
the throttle plate adjustment, air bleed and seeding pressure.  
 
3.2.2 Heating and Coolant Circuits 
 
The engine operated a dry sump arrangement, therefore a separate heated oil reservoir 
and in-line pump was required to supply oil to the crank case.  Separate oil feeds 
provided the required lubrication to the overhead cams with an open drain returning 
oil back to the crank case.  The engine oil was heated prior to running the engine under 
motored and fired operating conditions. 
 
The optical engine facility incorporated two additional closed circuit water supply 
systems.  The first consisted of an external heated water reservoir, which was used to 
preheat the cylinder head and steel liner to the required operating condition prior to 
running the engine.  The second system was used as a coolant circuit, incorporating a 
standard automotive radiator in the circuit to provide the required cooling of the steel 
liners under fired engine operation.  Both water circuits included an in-line pump to 
continuously recirculate the water around the engine flow channels.   
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3.2.3 Ignition System 
 
The ignition system was a single coil-on-plug type, powered by a 12V 9A supply.  The 
dwell time was maintained at 4 ms providing ignition energy of 35-40 mJ.  A spark plug 
with a thin laser welded platinum tip central electrode, J-type ground electrode and 
cone insulator (NGK-R) was used for all fired engine testing.  The spark-plug was 
orientated so that the earth electrode was perpendicular to the pent-roof imaging 
window, as illustrated in Figure 3.3.  This orientation was selected in order that the 
velocity of the charge motion through the electrode gap could be ascertained when 
quantifying flow field structures within the pent-roof combustion chamber.  It also 
presented the minimum cross-sectional area towards pent-roof window, reducing 
interference in the PIV velocity vector fields due to laser light scattering from the 
electrode surface.  To minimise the effect of scattered light interfering with the 
recorded images, the electrode was also blackened prior to each fired engine test.  
 
 
 
 
Figure 3.3 Spark plug orientation used for all motored and fired testing 
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3.2.4 Fuel Injection System
 
The fuel supply was provided via a 6
the cylinder head.  The injector was located between the inlet and exhaust ports, 
close proximity to the spark
configuration within the cylinder head was
engine.  A regulated rail pressure of 150
type nitrogen pressure
 
The injector nozzle consists of two groups of three nozzle holes, each of 0.
diameter.  The six holes each have a different injection 
spray pattern illustrated in 
plume was designed to achieve maximum spray c
necessary for mixing with the intake air prior to ignition timing.  Plumes 1 and 6 are 
orientated such that they pass around the spark plug in
the electrode during fuel injection.  
 
 
Figure 3.4
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-hole prototype injector mounted vertically within 
-plug, off-set towards the pent-roof window
 representative of the spray guided 
 bar was provided to the injector via a piston 
 accumulator.   
angle, producing the distinctive 
Figure 3.4.  The individual injection angles for each fuel 
overage over the cylinder bore 
-order to minimise wetting of 
 
 
 
 Schematic of fuel injector and orientation of spray p
 (Serras-Pereira et al. 2007) 
 
 
in 
.  This injector 
DISI 
2 mm 
 
lumes 
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3.2.5 Air Fuel Ratio (AFR) Monitoring and Recording 
 
The air/fuel ratio for fired engine operation was recorded with a LambdaPro™ 1200 
sensor manufactured by Engine Control and Monitoring.  The lambda sensor had the 
capability of supporting any fuel specified by H:C, O:C and N:C ratios and H2 providing 
the option of both standard gasoline and gasoline/ethanol fuel blends to be studied.  
The lambda sensor provided both a visual display of relative air/fuel ratio (λ), AFR or 
percentage oxygen and a linear analogue 0 to 5 volt output, which enabled a range of 
lambda values from 0.4 to 10 to be logged by the data acquisition system.  The accuracy 
of the recorder over the lambda range was ±0.6% at stoichiometric and ±0.9% 
elsewhere, with a calculation time of 1 ms and a response time <150 µs. 
 
 
3.2.6 Pressure Measurement 
 
In-cylinder pressure was measured using a Kistler 6041A peizo-capacitive transducer 
mounted within the pent-roof combustion chamber.  The peizo-capacitive transducers 
measure only a relative pressure change, therefore a reference pressure was also 
required.  This was provided by a Kistler 4045A peizo-resistive transducer installed in 
the lower barrel of either the full length or short steel liner, depending on which was 
being used.  This pressure sensor only became exposed to the cylinder pressures as the 
piston approached bottom dead centre (BDC), and could then be used as the reference 
pressure over the proceeding 360˚ CA.  
 
This pressure measurement configuration was suitable when operating the engine 
with the steel liners, however, a lower barrel pressure could not be recorded when 
running the engine with the full length quartz liner.  In this optical configuration, an 
average reference pressure for the days testing was obtained by first running the 
engine with the steel liner at the required operating conditions.  An average reference 
pressure was then calculated and applied to the in-cylinder pressure data recorded 
with the optical liner in place.  
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3.2.7 Data Acquisition System  
 
To synchronise the engine timing unit and data acquisition system to the angular 
position of the engine a Leine and Linde 3600 pulse per revolution incremental 
encoder was mounted directly to the crankshaft.  This encoder provided two separate 
outputs,  the first a single signal occurring every 360˚ CA providing the TDC location on 
each engine revolution.  The second output provided a signal every 0.1 crank angle 
degree resolution.   
 
In-cylinder data was sampled using a National Instruments acquisition card (PCI-MIO-
16E-1) which was controlled and logged through a LABVIEWTM program.  This data 
acquisition card was capable of sampling to 16 analogue input signals at a rate of 1.25 
million samples per second and with 12-bit resolution.  For the Jaguar engine 
experiments the data acquisition card was configured to sample in-cylinder data at a 
crank angle resolution of 0.1 degrees.  This was achieved using the 3600 pulses per 
revolution signal from the crankshaft encoder as the sampling clock.  In this 
configuration data on 13 independent analogue channels could be sampled, enabling 
in-cylinder pressures, lambda values and timing triggers to be logged for each engine 
experiment. 
 
The AVL engine timing unit was designed to output signals on the programmed 
channels in accordance with the signals received from the crankshaft encoder.  
Therefore, output triggers were sent on all AVL channels as soon as the engine was 
cranked.  This was a suitable arrangement for triggering of the fuel injection and 
ignition systems.  However, it resulted in the early triggering of the external data 
acquisition systems, e.g. in-cylinder data, flame imaging or HSPIV.  It was required for 
the engine be fired for a defined period of time to enable the engine to settle into a 
stable operating condition prior to initialising the data acquisition systems.  To achieve 
this, a separate digital control circuit was developed, which received all the data 
acquisition triggers directly from the AVL timing unit as inputs and blocked all the 
corresponding outputs until a counter/timer had elapsed.   This counter/timer system 
used the TDC signals, such that after a pre-programmed number of engine cycles had 
been reached all inputs to the control box were allowed to pass through to the 
corresponding outputs.  This system not only enabled the engine to reach a stable 
operating condition, but to also synchronise the capture of data on multiple systems 
e.g. pressure data with HSPIV data.    
  
3.3 In-Cylinder Velocity Field Measurement
 
3.3.1 Overview of the HSDPIV 
 
The High Speed Digital Particle Image Velocimetry (HSDPIV) system used 
the  in-cylinder flow
commercially available
incorporated an Nd:YLF New Wave Pegasus Laser a
which were both controlled by a TSI synchron
software.   
 
The seeding required for PIV velocity field measurement was generated using a 
jet atomiser.  The atomised oil particles are introduced into the intake plenum where 
the particles mix with the intake a
induction stroke.  Figure 
the cylinder by directing the output from the laser onto the 45 degree mirror 
positioned below the optical piston crown.  The high speed c
configuration, was imaging through the 
flow field structures within
 
 
Figure 3.5 Formation of a 2D laser light sheet vertically through the cylinder 
for the purpose of completing velocity field measurements using HSDPIV
Piston with 
optical piston 
crown 
Full length 
optical liner 
45 mirror 
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 velocities discussed within this thesis 
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nd a Photron APX
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ir before entering the cylinder during the
3.5 illustrates the formation of a light sheet vertically through 
pent-roof window to enable quantification of 
 the combustion chamber.  
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 normal 
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3.3.2 Light Sources and Beam Delivery 
 
The PIV measurement technique relies upon tracer particles suspended in the flow 
scattering sufficient light to enable their location to be captured on the recording 
device.  To ensure the tracer particles faithfully follow the high frequency turbulent 
structures and fluctuations in the flow 1-2 µm sized particles are required.  
Consequently, it was necessary to utilise a high power light source to ensure sufficient 
light was scattered to expose the image recording sensor.  Lasers are typically used for 
PIV measurement due to their ability to emit light with high energy density.   Common 
types of lasers used in PIV and flame/flow imaging experiments include copper vapour, 
ruby, Nd:YAG and Nd:YLF. 
 
The New Wave Research Pegasus-PIV laser used as part of the HSPIV system, see  
Table 3.2, is a dual-head, diode-pumped, solid state Neoddymium:yttrium lithium 
fluoride (Nd:YLF) laser.  The two heads, each with a fundamental wavelength of 
1053 nm are combined and passed into an intra-cavity, second harmonic generator.  
The second harmonic generator is used for the frequency doubling of the Nd:YLF laser 
emission, converting the infrared light of wavelength 1053 nm into visible green light 
of wavelength 527 nm.  Each laser head provided pulse energies of typically 10 mJ at 
1 kHz repetition frequency, reducing to 2 mJ per pulse at 5 kHz repetition frequency. 
 
 
Table 3.2 Properties and specifications of Nd:YLF Laser 
 
Wavelength 
 
1053 nm and 
frequency doubled 
527 nm 
 
Pulse energy 10 mJ 
Pulse duration 180 ns 
Peak power 20 W 
Pulse frequency 10 kHz 
Beam diameter 1.5 mm 
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The Nd:YLF laser produces a collimated beam of laser light with a raw beam diameter 
of 1.5 mm.  The raw beam was then passed through the light sheet optics, consisting of 
a spherical and cylindrical lens mounted in series.  This optical configuration, 
illustrated in Figure 3.6, produces a two-dimensional light sheet necessary for PIV 
measurement.  The raw collimated laser beam was focussed to a waste using a bi-
convex spherical lens of focal length 1000 mm.  The 1000 mm focal length lens ensured 
that only a small change in beam thickness occurs over the maximum imaging region.  
A plano-concave lens with negative focal lengths diverged the beam in one plane to 
form a thin light sheet.  Selection being dependant on the size of measurement region 
required. 
 
 
Figure 3.6 Schematic of optics used to form a two dimensional light sheet 
Sheet 
width 
Cylindrical 
lens 
Spherical 
lens 
SIDE VIEW 
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beam 
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cylindrical 
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Laser 
beam 
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3.3.3 Particle Image Recording 
 
The camera used to record the particle images was a Photron Ultima APX-RS CMOS 
camera with a 2 Gb onboard memory.  The CMOS (complimentary metal-oxide sensor) 
has a maximum resolution of 1024 by 1024 pixels at 3 kHz frame rate.  However, the 
active pixel area was reduced to 512 by 512 when operating at 10 kHz frame rate.  The 
advantage of a CMOS camera compared to a CCD (charge coupled device) camera is the 
higher degree of light receptivity which is advantageous when conducting PIV in high 
velocity flows, which require the flow to be seeded with smaller particle diameters.  
However, the large pixel size of 17 µm for the CMOS cameras compared to 9 µm for a 
CCD camera affects the imaged particle size. 
 
To enable high definition particle images to be recorded on the camera, exposure times 
must remain short enough to capture the instantaneous position of the particles.  The 
camera controlled exposure time of approximately 0.2 ms at 5 kHz frame rate, was too 
long to ensure the particle images do not become blurred.  To achieve the short 
exposure times, it was necessary to synchronise the laser pulses to the frame rate of 
the camera, as illustrated in Figure 3.7.  The first laser pulse was set to occur at the end 
of the camera exposure time for the first frame, Frame A, and the second laser pulse at 
the start of the second frame, Frame B.   Synchronisation of the laser and high speed 
camera was controlled using a TSI synchronisation unit. 
 
 
 
Figure 3.7 Synchronisation of laser pulses to camera frame rate 
  
Image Pair 1 Image Pair 2 
Frame A Frame B Frame A Frame B 
Pulse Delay 
Time between laser pulses, ∆t 
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3.3.4 Flow Tracer Particles 
 
The operating principles of the PIV measurement technique require the addition of 
tracer particles to the flow.  The light scattered by these tracer particles as they pass 
through the laser light sheet enables their instantaneous position to be recorded.  
Capturing successive images of the particles with a known time separation between 
frames enables the velocity of the particles to be calculated.  Therefore, PIV measures 
the velocity of the fluid element indirectly by means of measuring the velocity of tracer 
particles suspended within the flow.  Consequently, the tracer particles must first 
satisfy two fundamental requirements: 
 
1. The particles must be of small enough diameter to enable them to follow the 
flow with sufficient accuracy to track the turbulent structures and high 
frequency fluctuations being studied; and 
2. The particles must be of large enough diameter to scatter sufficient light to 
enable the location of the particles to be identified and recorded. 
 
Furthermore, for the study of flow and combustion in an internal combustion engine 
with optical access, the tracer particles must also satisfy the following conditions: 
 
1. The particles must be able to survive the high temperatures and pressures 
following compression to enable investigation of fluid flow at the start of 
ignition; 
2. The combustion of the seed material must not affect the overall combustion of 
the fuel/air mixture; and 
3. A non-abrasive seeding material is preferable to prevent damage to the optical 
components during engine operation. 
 
For all the experiments completed on the Jaguar optical engine, silicon oil (Dow 
Corning 200) was used as the seeding material in conjunction with a TSI six jet 
atomiser to generate tracer particles with a nominal diameter of 1-2 µm.  The Dow 
Corning 200 oil was selected due to its non-abrasive properties and high vapour 
pressure, preventing damage to the optical components and ensuring the oil droplets 
were capable of surviving through to the end of the compression stroke.  To assess the 
first requirement of the seeding to follow the flow with sufficient accuracy, fluid 
dynamic equations of motion must be considered.  Based on Stokes’ Drag Law and the 
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equation of motion for a particle of known radius  it is possible to define the viscous 
force exerted on it by the viscous drag from the surrounding fluid it is immersed in.  
This can then be used to establish the particles frequency response relative to the 
surrounding fluid.  Neglecting shear effects and centrifugal forces, analytical solutions 
provide a starting point for the selection of the appropriate particle size.  A criterion of 
response fidelity adequate for most purposes is to assume that it is acceptable for the 
particle velocity to differ from the local mean velocity of the fluid by 0.1%.  The size of 
the particle required to satisfy this response can then be defined as (Drain, 1980): 
 
pu
fluid2
p ρf
μ
0.1<a  
 
where ap is the particle radius, fu is the maximum frequency the particle can follow, µfluid 
is the viscosity of the fluid being studied and ρp the density of the seeding material.  It is 
possible, therefore, to calculate the maximum possible frequency fluctuation the tracer 
particles are capable of following.  Figure 3.8 shows data for the particle size 
distribution generated by the TSI six jet atomiser, with olive oil as the liquid.  Results 
highlight a peak concentration occurring at a particle diameter of ~0.7 µm, and 
decreasing substantially for particle diameters >1 µm. 
 
 
Figure 3.8 Synchronisation Particle size distribution results for TSI six jet atomiser  
Model 9306 using olive oil as the seeding liquid (TSI Incorporated) 
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Eqn. (3.1) 
Results obtained were for a diluted 
mixture and therefore indicate a 
lower concentration compared to 
the actual atomiser output  
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The TSI six-jet atomiser was used to complete the PIV measurements discussed within 
this thesis, however silicon oil was used as the atomiser liquid since the high vapour 
pressure enables the particles to survive the in-cylinder temperatures through to the 
end of compression.  Rearranging Equation 3.1 and substituting the properties of the 
silicon oil (density 963 kgm-3) and viscosity of air, at 300°C, produces the solution: 
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ii. Particle diameter of 1 µm: 
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iii. Particle diameter of 2 µm: 
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It is shown that the highest concentration of tracer particles generated by the atomiser 
have a diameter of 0.7 µm and are capable of following the flow up to frequencies of 
~25 kHz, to an accuracy of 0.1%.  It is shown that this frequency response reduces to 
12 kHz for particle diameters of 1µm and 3094 Hz for particle diameters of 2 µm.  
Integral length scales between 1 mm and 10 mm have been measured in IC engines 
with filtering techniques employing cut-off frequencies in the range of 200 Hz to 
400 Hz.  This suggests that the response of the silicon oil droplets generated by the 
atomiser was suitable for the velocity field measurements discussed within this thesis. 
 
The second requirement of the tracer particle is to scatter sufficient light to enable its 
location to be recorded on the camera.  The light scattered by a small particle is 
dependent on the power of the laser light used to illuminate the flow, the polarisation 
of the light source, the observation angle and the properties of the seed material, e.g. 
size, shape and refractive index.  It is known that imaging the scattered light from a 
spherical  object through a circular aperture will result in a circular diffraction pattern.  
This pattern consists of a bright central region with outer rings of reducing intensity.  
The size of this diffraction pattern,  is representative of the minimum particle image 
diameter obtained through the imaging configuration, referred to as the diffraction 
limited spot size, ds, and defined as (Raffel et al., 1998): 
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( ) laser#0s .λ.FM1    2.44d +=  
 
where F# is the ratio of focal length, FL,  to the aperture diameter, da, λlaser is the 
wavelength of the laser, Mo is the image magnification defined as the ratio of imaging 
array size, Ac, and the imaged area size, Ai, such that: 
 
i
c
0 A
A
M =  
 
Since the scattering intensity from the seeding particles is directly proportional to the 
particle size there is a compromise between the flow following capability of the tracer 
particles and the size of particle which enables its position to be clearly recorded.   
 
 
3.3.5 Processing Raw PIV Data 
 
PIV is an indirect velocity measurement technique, reliant on the illumination and 
imaging of tracer particles suspended within the flow to quantify the flow being 
studied over a defined measurement area.  By capturing the relative displacements of 
the tracer particles over a known time interval, the velocity of the particles can be 
calculated.  The uncertainty in the velocity field measurement is related to the accuracy 
at which the particle is detected within the image and the correlation routine employed 
to determine the particle displacements.  As a result, considerable research has been 
devoted to the improvement of particle detection and correlation algorithms.  Over 
recent years a number of correlation techniques have been established, including auto-
correlation, single frame cross-correlation and two frame cross correlation.  
 
The raw PIV data presented here has been obtained from two single exposed particle 
images with a known time separation, at successive crank angle intervals over a 
defined number of engine cycles and analysed using the two-frame cross correlation 
algorithm.  To process the raw PIV data using this technique each image pair is first 
divided into sub-areas called interrogation regions.  The cross-correlation technique is 
then applied to determine the most probable displacement of the particles within the 
interrogation region.  For each interrogation region a local velocity vector is calculated 
based on the average particle displacement during the time interval, ∆t, between 
Eqn. (3.2) 
Eqn. (3.3) 
  
frames 1 and 2.  The average displacement of the particle images is 
using a discrete cross correlation routine applied to both interrogation regions taken at 
time t and t+∆t respectively.  The analysis routine
length, K and width, L 
 
n)R(m,
K
0i
L
j
= ∑∑
= =
 
where R(m,n) is the cross correlation of the intensity distribution in 
the initial interrogation r
second interrogation region intensity distribution at time t+
the two frame cross correlation technique highlighting the division of each image pair 
into interrogation regions and the peak obtained in the correlation field representative 
of the average particle displacement over that region. 
 
 
Figure 3.
 
 
Commercial PIV software packages typically use a 2D Fast Fourier Transform (FFT) to 
perform the correlation, due to the reduction in computational time compared to 
performing the correlat
correlation of two functions
of each functions Fourier Transform
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 for an interrogation region size with 
is given by (Raffel et al., 1998): 
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egion intensity distribution at time t and 
∆t.  Figure 
 
 
9 Illustration of the two frame cross correlation technique
 and resultant peak in the correlation plane 
ion in the spatial domain.  The routine is based on the cross 
, which is equivalent to a complex conjugate multiplication 
 (Raffel et al., 1998), such that: 
CorrelationFrame B
Frame A
t
t + dt
Interrogation regions
Correlation 
Frame A 
Frame B 
terrogation regions 
t + ∆t 
t  
 
then estimated 
I1 and I2, I1(i,j) is 
I2(i-m, j-n) is the 
3.9 illustrates 
 
Eqn. (3.4) 
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( ) ( ) ( ) ( )ηξ,Iηξ,Iji,Iji,IR 11 •⇔×= ˆˆ  
 
where Î represents the Fourier transform function I, and 
•
1Iˆ  represents the complex 
conjugate of the function I1.  This produces a correlation peak, which corresponds to 
the average particle image displacement within the region.  A curve fitting routine, 
typically a three-point Gaussian, is then used to estimate the position of the centre of 
the peak to sub-pixel accuracy.  This study used the commercial software package, TSI 
Insight 3G, to complete the two frame cross correlation, using a 2D FFT, of the particle 
image pairs captured during the experiments. 
 
 
3.3.6 Errors in PIV Measurement 
 
In the past years considerable research has been devoted to identifying and optimising 
experimental parameters critical to obtaining reliable PIV data (Keane and Adrian, 
1990, Lawson, 1995, Raffel et al. 1998, Megerle et al. 2002, Anandarajah, 2005).  
Significant effort has been devoted to improving particle detection and correlation 
algorithms.  It is known that some of the most critical experimental parameters for PIV 
include seeding material, size, density and homogeneity, light sheet thickness and 
uniformity and the time interval between laser pulses.  If not properly selected, these 
parameters can introduce significant errors in the calculated velocity field.   
 
The absolute measurement error in the estimation of a single displacement vector can 
be decomposed into two groups consisting of systematic (bias) and random errors, 
resulting from errors in both experimental setup and the adopted correlation routine.  
The systematic errors comprise of all the errors due to the inadequacy of the statistical 
methods in the correlation routine used to process the PIV particle images.  The nature 
of these errors is that they follow a trend and can be reduced or removed by selecting a 
different analysis routine or modifying an existing one.  However, residual errors 
remain in the form of measurement uncertainty even when all the systematic error 
have been removed.  These random errors, σb, can be quantified as the root mean 
square deviation in the measured particle displacement, di, to the mean particle 
displacement, dm (Anandarajah et al., 2003): 
 
Eqn. (3.5) 
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A number of factors contribute to the random errors within PIV measurement, which 
must be accounted for, these include: 
 
i. Optimisation of the particle image diameter 
ii. Effect of displacement gradients 
iii. Effect of seeding density 
iv. Effect of out-of-plane motion  
v. Background noise within the image 
 
These factors are now discussed. 
 
3.3.6.1 Optimisation of particle image diameter 
 
Section 3.3.4 discussed the importance of selecting the correct seeding material to 
ensure the tracer particles are capable of following the highest frequency turbulent 
fluctuations of interest within the flow.  Assuming this tracer particle requirement is 
satisfied in the PIV experiment, then the systematic error can be defined as the 
uncertainty associated with estimating the most probable particle displacement.  
Errors arise when the particle displacements tend towards (1) integer values and (2) 
smaller values.  The latter occurs due to the presence of velocity gradients within the 
measurement area and will be discussed in subsequent sections.   
 
The first error, particle displacements tending towards integer values, is  generally 
referred to as peak locking, and is mainly attributed to unresolved particle images.  It is 
largely a consequence of the limited resolution of digital arrays compared to their film 
counterparts.  The resolution of the digital array is defined by the spacing between 
pixels.  According to Nyquist’s criterion, in order to avoid under sampling the raw data, 
the diameter of the imaged tracer particles should be at least twice the resolution of the 
digital array.  Satisfying this requirement is dependent on the selection of seeding, 
illumination source and imaging system.  It was discussed previously in Section 3.3.4 
that the size of the particle image recorded on the camera array can be defined by the 
diffraction limited spot size.  This parameter was shown to be dependent on the 
wavelength of the light source, magnification ratio and the camera aperture.   
Eqn. (3.6) 
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3.3.6.2 Effect of displacement gradients 
 
PIV is a statistical measurement of the displacement using the correlation between two 
interrogation regions.  For measurement areas containing velocity gradients it is likely 
that not all the particle images within the first interrogation regions will be present in 
the second, resulting in biased data.  Since it is more likely that faster particles will 
have left the interrogation region compared to the slower ones.  The large particle 
displacements in the fastest regions of the flow may lead to the loss of in-plane particle 
pairs resulting in the correlation being weighted towards the slower moving particles.  
Lawson, (1995) quantified the random error due to velocity gradients, σE, as the root 
mean square (RMS) of the velocity variation, such that: 
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where |V0| 
is the velocity magnitude associated with the interrogation region, N is the 
number of particle image pairs per interrogation region, L is the size of the 
interrogation region and W is the width of the laser sheet and a is the particle position 
vector.   
 
Keane and Adrian (1990) suggested a maximum in-plane particle displacement of no 
more than a quarter of the final interrogation window size.  For example for an 
interrogation window of size 32 by 32 pixels the fastest particle should not exceed a 
maximum displacement of 8 pixels.  This criterion is satisfied by optimisation of the 
time separation between laser pulses (∆t) to achieve this maximum particle 
displacement.  Additional techniques, are available within the correlation analysis of 
the particle images.  It has been shown using Monte Carlo simulation of particle images 
that smaller interrogation regions can tolerate much higher velocity gradients 
compared to larger regions (Raffel et al. 1998).  Therefore, provided sufficient seeding 
densities are used, smaller interrogation regions should be used in the correlation 
analysis.  Furthermore, it is possible to complete the correlation with a larger second 
interrogation region, allowing the algorithm to search over a wider area reducing the 
probability of a loss of particle pairs. 
 
 
Eqn. (3.7) 
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3.3.6.3 Effect of seeding density 
 
Based on the results from Monte Carlo simulations, Keane and Adrian (1990) 
demonstrated that sufficient particles must be present within the interrogation region 
to achieve a high correlation peak and a low signal to noise ratio (SNR).  It was 
concluded that a seeding density of 8-10 particles was required in a 32 by 32 pixel 
interrogation region to increase the probability of a correlating particle image pairs 
and minimise the SNR.  This has since been verified in work under taken by Megerle et 
al. (2002) concluding that the RMS error was greatest when less than 5 particles were 
present within the interrogation region and reduced to a approximately 2% of the local 
average displacement for a seeding density of 8-10 particles.   
 
3.3.6.4 Effect of out-of-plane motion 
 
The PIV measurement technique is frequently applied to highly three-dimensional 
flows.  In this arrangement the out-of-plane loss of particle pairs is significant such that 
the strength of the correlation peak reduces.  Raffel et al., (1998). discussed three 
techniques to compensate for the out-of-plane motion: 
 
1. The time separation between laser pulses can be reduced, although this also 
results in a reduction in the dynamic range of the measurement; 
2. The light sheet can be thickened using optics to accommodate the out-of-plane 
motion for a given laser pulse separation.  However, this may not be possible 
since the energy density in the light sheet reduces proportionally to the 
increased thickness; and 
3. A parallel offset of the light sheets in the direction of the mean flow.  This 
technique is most effective when the mean out-of-plane flow component is 
nearly constant across the measurement area. 
 
3.3.6.5 Effect of tracer particle addition to turbulent flow 
 
The previous sections have discussed several seeding requirements that must be 
satisfied to minimise the random errors within the PIV measurement.  This included 
the physical properties of the fluid used to generate the seeding and the optimisation of 
seeding density within the measurement region.  However, it is also necessary to 
consider the direct implications of adding a tracer to the flow and the impact this has 
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on the turbulence measurement.  This interaction, between the tracer particle and the 
fluid flow, has been experimentally and numerically studied by a number of research 
groups including, Gore and Crowe (1989), Rogers and Eaton (1991), Kulick et al. 
(1994), Sato and Hishida (1996), Sato (2000), Squires and Eaton (1990) and Boivin et 
al. (1998).  A summary of experimental data up to 1989 relating to the turbulence 
modulation effects, due the addition of tracer particles to a flow, is provided by Gore 
and Crowe (1989).  The available data was presented in terms of the percentage 
change in turbulence due to the addition of a tracer particle, against the ratio of the 
particle diameter to the characteristic length scale of the turbulent flow.  They 
proposed a critical value for this ratio of the order 0.1, separating the regions of 
attenuation and enhancement of the flow due to tracer particle addition.  The 
presented results suggested a general trend that the addition of small particles to the 
flow tended to attenuate turbulence, while larger particles enhance turbulence.  The 
proposed explanation for this was that particles smaller than the most energetic eddy 
will follow the eddy for at least part of its lifetime.  During this time period, part of the 
eddy’s energy will be imparted to the particle since the eddy, through the drag force, 
will be moving the particle.  The turbulent energy of the flow is therefore transformed 
to the kinetic energy of the particle, and as such the turbulence intensity will be 
reduced.  Conversely, larger particles tend to generate turbulence in its wake, near the 
scale of the most energetic eddy, increasing the turbulence intensity of the fluid.  In this 
case the energy is transferred from the mean flow that is moving the particles to the 
turbulent kinetic energy.  This trend has been further supported by the works of 
Rogers and Eaton (1991), Kulick et al. (1994) and Sato et al. (1996) and Crowe (2000). 
 
 
3.3.7 Application of the HSPIV system to the Jaguar Optical Engine 
 
The previous sections have discussed the errors within the PIV velocity measurement 
technique and the parameters that must be considered during data collection and 
processing.  However, it is necessary to also consider these effects within the context of 
fluid flow measurement within an optical IC engine. 
 
Time resolved velocity field measurements completed within IC engines require laser 
pulse frequencies in the kHz range.  However, since beam output energy decreases 
with laser pulse frequency, pulse energy is one of the limiting factors in high speed 
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diagnostics.  The amount of light reaching the camera detector depends on the inverse 
square of the distance from the object plane.  Therefore it is important to position the 
imaging system as close to the engine as possible, while maintaining the required field 
of view and dynamic range requirements.  Light collection can also be increased by 
increasing the aperture size (reducing camera lens F-number).  This has a significant 
impact on the diffraction limited spot size and therefore the imaged particle diameter.   
 
Section 3.3.4 discussed several seeding requirements that must be satisfied to ensure 
accurate and reliable data is obtained using the PIV measurement technique.  This 
included the need to optimise seeding density (8-10 particles per interrogation region) 
to minimise random errors in the measurement.  Satisfying this requirement within an 
IC engine can be difficult to achieve considering the pressure and volume changes 
through the engine cycle, which can lead to large variations in seeding density.  This 
effectively limits the maximum crank angle range over which reliable PIV data can be 
captured in a single experiment.  For data captured over a large crank angle range, 
further compromises are required between changes in seeding density through the 
cycle  and the associated error. 
 
Full optical access to research engines is generally achieved through transparent 
quartz cylinder liners.  Imaging through a curved surface impacts on the accuracy and 
precision of the PIV measurements resulting from aberrations in the recorded particle 
images.  As described by Reeves et al. (1995), the dominant aberrations are for 
particles that exist near the cylinder wall in a plane normal to the optical axis.  These 
aberrations result from the scattered light rays following different optical paths as they 
pass through the cylinder liner.  Reuss et al. (2002) quantified the practical field-of-
view and the errors associated in completing PIV through an optical cylinder liner of 
diameter 86 mm.  Results indicated that over the central region of the cylinder, 
±30 mm, the number of valid velocity vectors was between 90% and 100% compared 
to imaging through a flat surface.  Outside of this range the number of valid velocity 
vectors decreased to approximately 50% and the accuracy of the calculated particle 
displacement reduced by up to 10% near the liner wall.  The results indicate that PIV 
can be completed within the central region of the cylinder liner with suitable accuracy 
without the requirement for distortion correction.  It should be noted that the analysis 
of the particle images in this experiment was completed using single image cross-
correlation, it is therefore expected that using double image cross-correlation will 
reduce the particle pairing losses and improve the precision of the measurements.  
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Two PIV measurement configurations are employed for the investigation of fluid flow 
within the Jaguar DISI optical engine, defined as swirl and tumble plane locations and 
are illustrated in Figure 3.10 and Figure 3.11 respectively.  For swirl plane 
measurements the laser light sheet was introduced horizontally across the cylinder 
bore through the optical liner.  The high speed camera was then focussed onto the light 
sheet via the 45° mirror.  For tumble plane measurements the laser light sheet was 
introduced into the cylinder via a 45° mirror, located in the extended Bowditch piston, 
and passing through the optical piston crown.  The high speed camera was mounted 
perpendicular to the light sheet imaging either through the optical liner or through the 
pent-roof window. 
 
 
 
 
Figure 3.10 Schematic of PIV swirl plane imaging configuration 
and typical measurement locations 
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Figure 3.11 Schematic of PIV tumble plane imaging configuration 
and typical measurement locations 
 
 
3.4 Concluding Remarks 
 
This chapter has provided an overview of the Jaguar optical engine used to investigate 
in-cylinder processes.  A summary of the main auxiliary systems used to establish the 
desired operating conditions and record in-cylinder data have been included.  In 
addition to details of the research engine, a detailed description of the high speed 
digital PIV system used to quantify in-cylinder flow structures has been provided.  The 
difficulties associated with capturing the raw data has been discussed in relation to the 
measurement errors, and techniques for minimising this uncertainty discussed.  
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4.1 Introduction 
 
As previously discussed in Chapters 1 and 2, flame propagation within a spark ignition 
engine is initiated by the electrical discharge across the spark gap.  Provided a 
combustible mixture was present at the time and location of this electrical discharge, a 
flame kernel develops.  During the initial stages following spark ignition, flame growth 
was understood to be governed by four major parameters: 
 
1. The electrical energy transferred during spark discharge; 
2. The heat losses from the flame kernel to the spark plug electrode, which tends 
to cool the flame reducing the flame growth speed; 
3. The laminar flame speed, which is dependent on the mixture composition and 
thermodynamic state of the burned and unburned mixture; and 
4. Flow structures present within the combustion chamber. 
 
 
It has been established from work completed on flame propagation, that there is a 
strong link between turbulence and flame propagation rate.  Furthermore, variations in 
these flow structures are believed to be a significant factor in contributing to cycle-to-
cycle variations in combustion.  The interaction of the flame with these flow structures 
therefore has a significant role in determining the overall engine performance, and has 
consequently been one of the focus areas within IC engine research. 
 
Early flame growth is generally understood to be affected by two main features of the 
flow through which it propagates.  Firstly, large scale ‘bulk’ motions tend to bodily 
convect the flame in the direction of the flow.  This flame convection towards the 
combustion chamber walls impacts upon the flame entrainment area and burn rate.  
Compared to a ‘spherically’ propagating flame front, a flame that is initially convected 
across the combustion chamber away from the spark plug in one particular direction is 
likely to  first interact with the liner wall earlier.  This flame/wall interaction not only 
reduces the mass of fresh charge entrained into the propagating flame front, but also 
increases heat transfer to the combustion chamber walls.  The overall effect being to 
reduce flame speed and influence the burn rate during the later stages of combustion.   
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Secondly, following spark discharge the flame is affected by the smallest scale, high 
frequency fluctuations in the flow.  These turbulent structures tend to stretch and 
wrinkle the flame front, in either positive or negative directions, depending on the 
interaction with the local flow field.  A flame that is positively stretched due to a 
divergent flow produces a convex flame front, while a negative stretch results from a 
converging flow field producing a concave flame front.  As the flame develops in size, 
increasing scales of turbulent flow structure begin to interact with the flame.  It is 
therefore difficult to decouple these individual effects, since the flame is actually 
interacting with a range of sizes and frequencies of  flow structure.  However, high 
speed flame imaging can provide valuable information regarding flame growth and an 
indication of the flame’s interaction with these flow structures. 
 
This chapter discusses the experimental configuration to achieve high speed, 9 kHz, 
dual location flame imaging with simultaneous cylinder pressure acquisition.  The 
optical configuration enabled flame images to be captured at crank angle resolution in 
two orthogonal directions, imaging through the pent-roof and piston crown windows.   
An automated analysis routine has been developed in MATLABTM to quantify flame 
growth parameters e.g. geometry, centroid location, flame speeds etc., from the flame 
image data.  To further understand the relationship between flame growth, engine 
performance and cycle-to-cycle variation, correlation analysis between flame growth 
speed and engine performance parameters derived from the pressure data has been 
completed. 
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4.2 Experimental Configuration 
 
Dual location flame imaging was completed using two Photron APX-RS high speed 
CMOS cameras imaging simultaneously through the pent-roof and piston crown 
windows.  The cameras were connected such that a TTL trigger was sent from the 
primary camera to the secondary camera synchronising the two cameras frame by 
frame, with a negligible delay of approximately 180 ns.  Figure 4.1 illustrates the 
camera arrangement on the optical engine. 
 
 
Figure 4.1 Experimental configuration for dual location high speed (9 kHz) flame imaging 
 
 
The primary camera imaged flame growth through the optical piston crown via the 45˚ 
mirror with an active pixel array of 512 by 512 pixels, providing a spatial resolution of 
0.145 by 0.145 mm/pixel.  The secondary camera captured flame growth through the 
pent-roof window with an active pixel array of 1024 by 336 pixels, providing a spatial 
resolution of 0.050 by 0.049 mm/pixel.  The measurement areas were achieved using a 
105 mm Nikon lens fitted to the primary camera and a 60 mm Nikon lens fitted to the 
secondary camera.  Both cameras were operated at a frame rate of 9 kHz, providing a 
temporal resolution of 1˚ CA resolution between flame images at an engine speed of 
1500 rpm.  The natural flame luminosity was captured without an image intensifier, it 
was necessary therefore to operate the camera/lens configuration at wide open 
aperture, F2.8, to capture the early flame growth following ignition timing.  The camera 
Primary camera 
imaging through 
piston crown 
window 
Secondary camera imaging 
through pent-roof window 
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memory was partitioned to capture a specific number of flame images per trigger.  The 
primary camera captured 70 images per trigger, while the secondary captured 62 
images, with a trigger being sent 5˚ after ignition timing.  The 2GB onboard memory 
enabled 117 cycles worth of flame images to be captured per engine test with a total of 
8190 images through the piston crown window and 7254 images through the pent-roof 
window.  A separate control unit was used to initialise capture of in-cylinder pressure 
data and flame imaging on the same engine cycle.  Figure 4.2 presents a timing diagram 
highlighting the triggering of pressure data and flame imaging in relation to the engine 
cycle.  
 
 
 
Figure 4.2 Timing diagram indicating triggering of pressure data and flame images  
 
 
4.2.1 Flame Image Post Processing and Data Analysis 
 
The raw flame imaging data captured from each engine test was stored in an 8-bit 
uncompressed grey scale movie file, .avi file format.  The PFV software could then be 
used to separate the movie file into individual frames in a file format, uncompressed 
.tif, compatible for loading into the analysis program.  The large number of flame 
images captured through the pent-roof and piston crown windows from each 
experiment required a reliable procedure for automatically processing the data and 
outputting into a suitable format for further data analysis.  To achieve this a program 
was written in MATLABTM consisting of five main stages: 
-100 0 100 200 300 400 500 600 700 800
  
Time (Degrees Crank Angle)
Pressure Data
Aquisition
Ignition
Timing
Injection
Timing
Capture Flame Images
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1. Flame images are loaded into MatlabTM and the pixel intensities for each flame 
image stored in a single matrix; 
2. A geometric mask was applied to define the limits of the field of view; 
3. The flame images are filtered to remove any background noise and accurately 
identify the burned and unburned regions of the flame; 
4. Post processing of the flame images was then completed to calculate flame 
growth parameters including flame area, flame speed, flame centroid 
displacement etc.; 
5. Results are output in a format suitable for data interpretation and comparison 
with other engine tests. 
 
As previously discussed, to capture the early flame growth it was necessary to set the 
camera lenses with  relatively large aperture, F2.8, consequently towards the end of 
combustion there was a large degree of liner wall and cylinder head illumination 
captured in the images.  To ensure the program only processes the flame data 
contained within the respective fields of view, i.e. pent-roof or piston crown window, a 
mask was applied to each image individually before the filtering takes place, stage 2 of 
the MATLABTM program.  
 
To accurately establish the burned and unburned regions of the flame and enable the 
flame edge to be tracked through the cycle a filtering routine was developed.  Firstly 
the 8-bit monochrome image was loaded into a defined data matrix within MATLABTM, 
the values of which correspond to the pixel intensities ranging from 0-255.  For each 
loaded flame image the program raster scans through each point in the intensity matrix 
comparing each value to a user defined threshold.  Two criterion must then be satisfied 
for that particular matrix value to be assigned as part of the burned region.  Firstly the 
pixel intensity must be greater than the threshold value.  Secondly, a windowing 
operation was completed comparing the current value to neighbouring intensities to 
ensure the current value was within a tolerance of the surrounding pixel intensities.  
Provided both criterion are satisfied then the pixel value was determined to be a 
burned region within the image.  Burned regions of the flame image were assigned a 
fixed value of ‘1’ and all other locations a value of ‘0’ effectively binerising each flame 
image.  This process enabled accurate assignment of the burned and unburned regions 
within each flame image, whilst also removing any background noise.   
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As discussed previously, to enable the burned region to be identified within the images 
the analysis routine required a fixed threshold value to be specified.  This was selected 
based on the mean pixel intensity obtained from the initial images where no flame is 
present.  This was determined to be between an intensity of I=2 and I=3, therefore to 
prevent over estimation of the flame area, a final value of I=5/255 was used in the 
analysis routine.  This low threshold value was required since no image intensifier was 
used with the high speed camera therefore pixel intensities during the first 10-15˚ CA 
following ignition timing were relatively low.  To investigate the sensitivity of the 
analysis routine to the fixed threshold value, flame image data captured through the 
piston crown window was analysed for threshold values ranging from I=3/255 to 
I=10/255.  Flame imaging was completed at a constant engine speed and intake 
manifold pressure of 1500 rpm and 0.5 bar respectively, and a fixed ignition timing of 
325˚ CA.  The standard single injection timing occurring at SOI=80˚ CA was used with 
an injection duration 0.98 ms to achieve stoichiometric combustion, as indicated by the 
lambda sensor mounted within the exhaust.   
 
a)  b)  
  
Figure 4.3 Mean flame area vs. time (a) calculated using a range of threshold values from I=3/255 
to I=10/255 (b) for a threshold of I=5/255 overlaid with the standard deviation in flame area at 
each captured crank angle location (Engine speed 1500 rpm, intake manifold pressure 0.5 bar 325˚ 
CA, ignition timing single injection SOI = 80˚ CA, λ = 1, mean of 100 cycles) 
 
 
 
 
 
 
 
10 20 30 40 50 60
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
 I3
 I4
 I5
 I6
 I7
 I8
 I9
 I10
F
la
m
e
 A
re
a
 (
m
2
)
Time (Crank Angle Degrees AIT)
Threshold Value
10 20 30 40 50 60
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
 
 
F
la
m
e
 A
re
a
 (
m
2
)
Time (Degrees Crank Angle AIT)
  
Figure 4.3a compares the mean flame area calculated for threshold values from I=3 to 
I=10, in increments of 1
calculated using a threshold value of I=5/256,
60˚ CA AIT.  The plotted error bars represent the standard deviation in
calculated at that particular crank angle location, highlighting the cycle to cycle 
variation in flame area.  To further illustrate the effect of changing the threshold value 
Figure 4.4a presents a single flame image highlighting the flame edge
threshold value of I=3 and I=10 and 
image for all processed threshold values.  
 
 
 
Figure 4.4 Flame image
and I=10/255 (b) )
(Engine speed 1500 rpm, intake manifold pressure 0.5
 
 
a) 
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.  Furthermore, Figure 4.3b presents the mean flame area 
 over the crank angle range 10
Figure 4.4b illustrating a section of the same flame 
 
 
 
 
 highlighting flame edge as detected using (a) threshold value of I=3/35
 threshold values from I=3/355 to I=10/255, increments of I=1/25
 bar 325˚ CA, ignition timing single injection 
SOI = 80˚ CA, λ = 1) 
Enlarged region 
shown in (b) 
I=3/255 
I=10/255 
b) 
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In comparison to the overall cycle-to-cycle variation in flame growth, the sensitivity 
analysis demonstrates negligible difference in the calculated mean flame area for 
threshold values between I=3/255 and I=10/255.  The selected threshold value of 
I=5/255 was therefore considered appropriate for the analysis of the flame images 
discussed in the later sections of this chapter.  Once the burned/unburned regions of 
the flame were established further post-processing of the images could be completed 
to calculate the geometric features of the flame at each crank angle and quantify flame 
growth parameters through each engine cycle.  Geometric properties of the flame 
including flame area, flame radius and flame perimeter length at each captured crank 
angle could be calculated using the binerised flame images and the spatial resolution of 
the captured data.  Figure 4.5 defines the notation referred to in the subsequent 
discussion of the flame image analysis; 
 
 
Figure 4.5 Example of flame boundary tracing, highlighting notation used within the flame image 
analysis routine 
y=1
y=M
x=1 x=N
Af
Lpb
[Xc,Yc]
LSP
[xf,yf](nf=1)
[xf,yf](nf=nf+1)
LPinc
Two coordinate locations 
defining flame edge
The Effect of Engine Operating Parameters on DISI Engine Combustion 
 
 
97 
 
Flame area, Af(θ,I), was calculated as a sum of all the matrix points assigned a value of ‘1’ 
in the filtering process, multiplied by the area calculated from the X and Y spatial 
resolutions, Xres, Yres respectively, of the measurement area; 
 
( ) ( )( )∑ ∑
=
=
=
=
==
Nx
1x
My
1y
iθ,fbresresiθ,f
1I..YXA  
 
 
where Ifb(θ,i) is the binerised pixel intensity matrix, and N, M are the total number of 
matrix points in the coordinate directions x and y respectively. An equivalent flame 
radius, rf(θ,i), could then be calculated from the flame area, assuming a circular flame 
growth.  It should be noted that the maximum flame radius corresponds not to the 
cylinder bore size, but to the edge of the optical piston crown which was 65 mm in 
diameter; 
 
( )
( ) 2
1
iθ,f
iθ,f
π
A
r 





=  
 
 
Flame growth speed, SA(θ,i), was calculated based on the change in flame area from one 
image to the next, flame perimeter length, Lp(θ,i), and time between successive flame 
images, dt, i.e. the camera frame rate; 
 
( )
( ) ( )
( ) .dtL
AA
S
iθ,p
iθ,fi1,θf
iθ,A
−
= +  
 
 
To calculate the flame perimeter length it was necessary to indentify the flame edge 
coordinates.  This was achieved using the predefined function in the MATLABTM image 
processing toolbox ‘edge,’ and the ‘Canny’ edge finding routine.  Since this function was 
applied to the binerised flame image the output  provides the xf,yf coordinates of the 
identified flame edge.  The incremental perimeter length, LPinc, of the flame was then 
calculated as the vector distance between successive coordinates.  The purpose of the 
flame imaging was to investigate global changes in flame growth due to changes in 
engine operating conditions.  Considering the purpose of the flame data, the spatial 
Eqn. (4.2) 
Eqn. (4.1) 
Eqn. (4.3) 
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resolution of the captured flame images and the quantity of flame images that require 
processing, a linear fit between successive edge coordinates was used rather than 
implementing a curve fitting routine; i.e. 
 
( ) ( ) ( )[ ] ( ) ( )[ ]( )2
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2
nf1nf
2
nf1nfni,θ,Pinc fffff
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where Nf is the total number of coordinate locations defining the individual flame edge, 
and nf is the reference to an individual point along that flame edge.   
 
The flame centroid coordinates [XC,YC] were calculated relative to the spark plug 
location [XSP, YSP] as the mean of the flame edge [xf,yf] coordinates for each captured 
flame image; thus 
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The centroid incremental path length, LC(θ,i) was calculated as the vector distance 
between successive centroid locations using the expression; 
 
( ) ( ) ( )[ ] ( ) ( )[ ]( )2
1
2
i1,ci1,c
2
i1,ci1,ciθ,C yyxxL −θ+θ−θ+θ −+−=  
 
 
Calculating the change in centroid displacement with time, using a central differencing 
approach for each crank angle a local flame centroid speed, Sp(θ,i), can then be 
determined; 
 
( )
( ) ( )
2.dt
LL
S i1,-θci1,θciθ,p
−
= +  
Eqn. (4.4) 
Eqn. (4.7) 
Eqn. (4.6) 
Eqn. (4.8) 
Eqn. (4.5) 
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To provide further information on the flame growth relative to the spark plug location, 
the centroid displacement from the spark plug, LSP(θ,i), was also calculated from the 
following expression; 
 
( ) ( )[ ] ( )[ ]( )2
1
2
SPi,c
2
i,ciθ,S YYXL −+−= θθ SPP X  
 
 
The large amount of processed data generated from each engine test required a 
suitable method of exporting the information to make plotting the data relatively 
straightforward.  To achieve this, the data calculated within the MATLABTM program for 
each engine test was appended to a test specific MicrosoftTM Excel workbook.  
Individual spreadsheets within the workbook were automatically generated for all 
flame growth parameters.  The data was structured in matrix format according to 
engine cycle and captured crank angle.  A separate spreadsheet also contained the 
flame growth statistics e.g. calculated mean, maximum, minimum, standard deviation 
etc. for each processed parameter.  This method of compiling the data enabled the data 
to be accessed easily and in a structure that could be transferred to OriginLabTM 
OriginPro for plotting and correlation with pressure statistics. 
 
 
4.3 Results and Discussion 
 
The aim of the flame imaging discussed in this section was to investigate the 
fundamental effects of engine operating conditions on flame propagation within a DISI 
engine and to further understand the link between flame growth,  engine performance 
and combustion stability.  To achieve this, dual location flame imaging with 
simultaneous pressure data acquisition was completed, while independently varying a 
number of engine operating conditions, including: 
 
1. Ignition timing sweep:      45˚ CA to 25˚ CA BTDC in increments of 5˚ CA; 
2. Lambda ratio sweep:      λ = 0.8 to λ = 1.2 in increments of λ = 0.1; 
3. Injection timing sweep:    40˚ CA to 220˚ CA BTDC in increments of 20˚ CA. 
 
Eqn. (4.9) 
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The data captured from each experiment was analysed using the specially developed 
automated processing routine discussed in Section 4.2.1.  This enabled flame growth 
speeds and displacements to be quantified in both the pent-roof and piston crown 
views and for correlations to be made with the corresponding cycles pressure data.  
The results obtained from each set of experiments are discussed individually in the 
following sections of this chapter. 
 
 
4.3.1 Ignition Timing Sweep 
 
High speed, 9 kHz dual location flame imaging with simultaneous cylinder pressure 
acquisition was completed for an ignition timing sweep from 45˚ CA to 25˚ CA BTDC in 
increments of 5˚ CA, as shown in Figure 4.6.  For all tests the engine speed and intake 
manifold pressure remained constant at 1500 rpm and 0.5 bar respectively, and a fixed 
fuel injection timing of 80˚ CA ATDC.  The injection duration was manually controlled 
through the AVL engine timing unit to achieve stoichiometric combustion, as indicated 
by the lambda sensor mounted within the exhaust.   
 
 
 
Figure 4.6 Ignition timing diagram for dual location flame imaging experiments 
 
            TDC - INTAKE Ignition timing range 
from 315˚ to 340˚ CA 
ATDC 
Fixed injection 
timing at 80˚ CA 
ATDC 
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Figure 4.7 presents the mean cylinder pressure trace history for the ignition timing 
sweep completed from 45˚ CA to 25˚ CA BTDC in increments of 5˚ CA.  The mass 
fraction burned (MFB) profile for the standard ignition timing of 35˚ CA BTDC is also 
presented, calculated from the cylinder pressure trace using the method developed by 
Rassweiler and Withrow (1938).  It was evident that following spark discharge, there 
was a period during which the energy release from the propagating flame was too 
small for the pressure rise due to combustion to be discerned.   As the flame continues 
to develop and propagate through the combustion chamber the cylinder pressure 
increased to a maximum between 8.58 bar and 16.38 bar, depending on the ignition 
timing.  This peak pressure occurred after TDC, but before the cylinder charge was fully 
burned.  Beyond this point the cylinder volume increased and flame speed decreased 
resulting in a decrease in cylinder pressure during the remaining period of the 
expansion stroke.   
 
 
  
 
Figure 4.7 Mean in-cylinder pressure vs. crank angle for a range of ignition timings and the mass 
fraction burned profile for the standard ignition timing of 35˚ CA BTDC. (Engine speed 1500 rpm, 
intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, λ = 1, 100 cycle mean) 
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Figure 4.9 presents a typical time sequence of 
images over the crank angle range from 15
images captured through the cylin
roof images, such that the intake valve are positioned on the left hand side of the image 
and the exhaust valves on the right
detail relating to the flame growth structure, 
combustion images at the captured crank angle resolution.  
 
 
Figure 4.8 Orientation of flame images
 
 
The early flame kernel 
and 15˚ CA, 5.83 ms,  
stretched from the spark electrode towards the exhaust side of the combustion 
chamber.  HSPIV data discussed 
convection corresponds to the direction of bulk flow motion across the combusti
chamber.  It is understood that the flow within the combustion chamber at the time of 
ignition is highly turbulent with a wide range of eddy sizes present.  As the flame 
develops in size, the flame front is locally affected by these differing scales of 
structure.  The highly wrinkled flame front evident within the presented flame images 
is a direct result of this local interaction between the turbulent flow structures and the 
propagating flame.  It is known that this flame wrinkling has a fundamenta
the rate of combustion, therefore cycle
impact on the rate of combustion and 
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pent-roof and cylinder bore flame 
˚ CA to 37˚ CA, in increments of 2
der bore have been orientated to match the 
, as illustrated in Figure 4.8.  To provide further 
Figure 4.10 and Figure 4.
 
 
 
 with respect to intake and exhaust valves
was visible within the flame images between 10
after ignition timing (AIT), and was initially obs
in Chapter 5, demonstrates that this direction of flame 
-to-cycle variations in these flow structures will 
stability. 
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Injection timing 80˚ CA ATDC 
 
Figure 4.9 Sequence of flame images captured simultaneously through the pent-roof and piston 
crown window (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection 
SOI = 80˚ CA, ignition timing 325˚ CA, λ = 1)  
15˚ CA AIT 17˚ CA AIT 19˚ CA AIT
21˚ CA AIT 23˚ CA AIT 25˚ CA AIT
27˚ CA AIT 29˚ CA AIT 31˚ CA AIT
33˚ CA AIT 35˚ CA AIT 37˚ CA AIT
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Injection timing 80˚ CA ATDC 
  
Figure 4.10 Sequence of flame images captured through piston crown window  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, ignition 
timing 325˚ CA, λ = 1) 
15˚ CA AIT 16˚ CA AIT 17˚ CA AIT 18˚ CA AIT
19˚ CA AIT 20˚ CA AIT 21˚ CA AIT 22˚ CA AIT
23˚ CA AIT 24˚ CA AIT 25˚ CA AIT 26˚ CA AIT
27˚ CA AIT 28˚ CA AIT 29˚ CA AIT 30˚ CA AIT
31˚ CA AIT 32˚ CA AIT 33˚ CA AIT 34˚ CA AIT
35˚ CA AIT 36˚ CA AIT 37˚ CA AIT 38˚ CA AIT
39˚ CA AIT 40˚ CA AIT 41˚ CA AIT 42˚ CA AIT
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Injection timing 80˚ CA ATDC 
 
 
 
 
Figure 4.11 Sequence of flame images captured through pent-roof window  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, ignition 
timing 325˚ CA, λ = 1) 
 
 
Intake Exhaust
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The growth in flame size is presented in Figure 4.12 in terms of an equivalent flame 
radius, calculated from flame images captured simultaneously through the pent-roof 
and piston crown windows.  It should be noted that the maximum flame radius through 
the piston crown view corresponds to the diameter of the piston window, 65 mm, 
which was less than the cylinder bore diameter of 89 mm. 
 
c) Piston crown view d) Pent-roof view 
  
Figure 4.12 Mean flame radius vs. time. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
single injection SOI = 80˚ CA, λ = 1, 100 cycle mean) 
 
 
To provide a link between flame radius presented in Figure 4.12a and the mass fraction 
burned profile shown in Figure 4.7, the flame radius was used to estimate the burned 
volume of the charge, assuming a spherical flame growth.  A relationship between mass 
fraction burned (xb = mb/mu) and volume fraction (yb  = yb/(yb+yu)) can be derived 
from the ideal gas laws: 
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Although the density ratio (ρu/ρb) does depend on mixture equivalence ratio, burned 
gas temperatures and pressure, its value is typically close to 4, for most SI engine 
operating conditions.  Based on these assumptions, for a flame of radius 15 mm, which 
corresponds on average to 35-40˚ CA AIT, the mass fraction burned can be calculated 
from the volume fraction to be approximately 10%.  This was in agreement with Figure 
4.7, and highlights the potential for flame imaging to provide further information of 
flame growth early in the engine cycle which in-cylinder pressure analysis cannot 
reliably capture. 
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The centroid paths presented in Figure 4.13 quantify the flame movement through the 
combustion chamber from 10˚ CA to 60˚ CA AIT.  The (0,0) point within the figure 
corresponds to the spark plug electrode tip as superposed onto the graph.  The mean 
centroid paths highlight an initial flame displacement towards the exhaust side of the 
combustion chamber.  This direction of flame growth persists through the combustion 
process until the flame begins to interact with the liner walls, after which the flame 
begins to change direction back towards the intake side.  The end point is directly 
equivalent to the centre of the imaging window as the flame aligns itself to the centre of 
the cylinder bore during completion of the combustion process.   
 
 
Figure 4.13 Mean flame centroid locations relative to spark plug electrode.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, ignition 
timing 325˚ CA ATDC, λ = 1, 100 cycle mean) 
 
To add a temporal dimension to the trends presented in Figure 4.13, Figure 4.14 
illustrates the change in centroid displacement from the spark plug electrode, i.e. the 
vector displacement from the (0,0) point to the flame centroid location, for the range of 
ignition timings tested.  The results demonstrate that following ignition the flame 
propagates at a uniform rate through the cylinder up to 35˚ CA AIT, corresponding to 
the mean duration of 5% MFB.  After this point the flame centroid location changes 
direction and travels back from the exhaust side to the intake side of the combustion 
chamber, this was highlighted by the first point of inflection within the data trends.  
The second point of inflection evident in Figure 4.14a, occurs due to the flame centroid 
passing the spark plug before aligning itself to the centre of the cylinder bore.  The 
steep gradient within the pent-roof trends during the first 10˚ CA AIT was indicative of 
flame stretch due to the large scale flow structures local to the spark plug at the time of 
ignition. 
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a) Piston crown view b) Pent-roof view 
Figure 4.14 Mean flame centroid displacement vs. time calculated for a range of ignition timings. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA,  
λ = 1, 100 cycle mean) 
 
 
Flame growth speed is presented in Figure 4.15 and Figure 4.16 over the crank angle 
range 10˚ CA to 60˚ CA AIT, for all ignition timings.  Flame speed, calculated from 
cylinder bore imaging, was observed to increase steadily from approximately 2-4 m.s-1 
to a peak of 10 m.s-1.  Similar magnitudes of peak velocity are evident for all ignition 
timings, however the location at which this occurs was shown to shift by approximately 
1˚- 2˚ CA with each successive 5˚ CA retardation of the ignition timing.  The peak in 
flame speed occurs due to the flame beginning to interact with the cylinder boundaries 
reducing the fresh charge entrainment area and therefore reducing flame speed.  As 
expected, the flame growth speeds calculated from the pent-roof images display similar 
trends following ignition, with an increase in flame speed up to a peak of ~5.5 m.s-1, 
occurring at 25˚ CA AIT. 
 
a) Piston crown view b) Pent-roof view 
Figure 4.15 Mean flame growth speed vs. time (Engine speed 1500 rpm, 
 intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, λ = 1, 100 cycle mean) 
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a) Piston crown view b) Pent-roof view 
  
Figure 4.16 Mean flame growth speed vs. flame radius. (Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, single injection SOI = 80˚ CA, λ = 1, 100 cycle mean) 
 
 
 The trends evident in the flame growth speed vs. time AIT, are analogous to the flame 
growth presented in Figure 4.12, with the late ignition timings burning slightly faster 
than the early ignition timings.  However, these trends largely disappear if the flame 
speeds are plotted with respect to flame radius, presented in Figure 4.16.  This suggests 
that similar flow conditions are present within the combustion chamber over the 
tested ignition timing range, resulting in comparable flame growth speeds, and that the 
difference in engine performance was primarily a result of the combustion phasing 
rather than differences in flame speed. 
 
Calculating the change in flame centroid displacement using a local central differencing 
approach for every crank angle, reveals previously masked effects of the smaller scales 
of flow structure on flame motion, as shown in Figure 4.17.  This was particularly 
evident during the early stages of combustion where the calculated flame speed of 
approximately 2 m.s-1 to 4 m.s-1 was shown to correspond to the bulk flow velocity 
within the combustion chamber.  Flame speed was shown to increase at crank angles 
greater than 30˚ CA AIT, as the flame begins to expand into the unburned charge on the 
intake side of the combustion chamber.  The decrease in flame speed following 
~30˚ CA AIT was due to the flame reaching the extremes of the optical field of view and 
it beginning to interact with the cylinder walls.   
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a) Piston crown view b) Pent-roof view 
  
Figure 4.17 Mean local flame centroid speed vs. time. (Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, single injection SOI = 80˚ CA, λ = 1, 100 cycle mean) 
 
 
The temporal resolution of the flame images, 1˚ CA @ 1500 rpm, provides the 
opportunity to investigate the link between flame propagation through the engine cycle 
and engine performance.  Completing the analysis using crank angle specific data, will 
enable the critical phases of the combustion process that have greatest impact on 
engine performance and stability to be established.  To achieve this, correlation 
analysis has been completed between flame growth speed, calculated from data 
captured through the optical piston crown window, and peak cylinder pressure.  At 
each captured crank angle, flame growth speed was calculated as an average over a 
0.56 ms time period, equivalent to 5˚ CA, or 5 flame images, and correlated with the 
corresponding cycles peak pressure.  The quoted correlation coefficients were 
quantified using Pearson’s product momentum equation, defined as the covariance of 
the two variables (X,Y) divided by the product of their standard deviations (Bird, 
2004): 
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Figure 4.18 presents the result of correlating flame growth speed at specific crank 
angles with IMEP, obtained for that particular engine cycle.  
 
 
Figure 4.18 Correlation analysis between IMEP and flame growth speed.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI = 80˚ CA, 
ignition timing 25˚ CA BTDC, λ = 1) 
 
 
Investigating the change in correlation between flame growth speed and peak cylinder 
pressure highlights that the strongest correlation, R = 0.80, occurs at crank angles 
leading up to 30˚ AIT.  At crank angles greater than 30˚ AIT, the correlation was shown 
to diminish.  The phasing of this peak in correlation lies within the 0-10% MFB period, 
indicating that it was the flame growth during the early stages of combustion that has 
the most significant impact on the overall engine performance.   
 
 The analysis was repeated for all ignition timings occurring at 25˚ CA, 30˚ CA, 35˚ CA 
and 40˚ CA BTDC, the results of which are presented in Figure 4.19.  For the presented 
results flame speed was calculated as an average over a 5˚ CA duration centred at 20˚ 
CA AIT, corresponding to the period of highest correlation.  Similar trends are evident 
for all ignition timings, with correlation coefficients in the range of R = 0.70 to R = 0.76 
being calculated.  These results clearly demonstrate the link between rate of flame 
growth during the initial stages of combustion and the engine performance achieved 
for that particular cycle.  
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25˚ CA BTDC 30˚ CA BTDC 
  
35˚ CA BTDC 40˚ CA BTDC 
  
Figure 4.19 Correlation of peak cylinder pressure with flame growth speed calculated from 
simultaneous dual location flame imaging for a range of ignition timings imaging through piston 
crown window. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection 
SOI = 80˚ CA, λ = 1) 
 
 
Considering the fact that the end of combustion typically occurs on average at 136˚ CA 
AIT, and the time to 10% MFB was approximately 40˚ CA AIT, this was a significant 
fraction, 30%, of the total burn duration.  Consequently the variation in flame growth 
during this time period was likely to be a significant contributor to cycle-to-cycle 
variations in engine performance.  To further understand the relationship between 
flame propagation and engine performance, flame growth speed has been correlated 
with time to 10% MFB and is presented in Figure 4.20 for the range of ignition timings 
tested.  The individual cycle 0-10% MFB duration was found to correlate well with the 
mean flame growth speed, with correlation coefficients calculated to be of the order 
R = -0.80 to R = -0.84.   This strong correlation for all ignition timings highlights the 
dependence of the time to 10% MFB on the early flow and thermodynamic conditions 
to achieve a fast flame speed early in the combustion event.  However, there was only a 
weak correlation, R = -0.42 between flame growth speed and time to 90% MFB, at the 
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standard ignition timing of 35˚ CA BTDC, shown in Figure 4.21.  This was expected 
considering the number of factors that contribute to the burn rate in the later stages of 
combustion.  Interestingly, a correlation was evident for the retarded ignition timings 
of 25˚ CA and 30˚ CA, with coefficients calculated to be R = -0.67 and R = -0.56 
respectively.  This trend was also evident in the correlation analysis between flame 
growth speed and IMEP, with coefficients calculated to be R = 0.71, Ignition timing 
25˚ CA, and R = 0.35, Ignition timing 35˚ CA.  These results suggest that as the ignition 
phasing was retarded towards TDC, the later stages of combustion become more 
sensitive to the flow and thermodynamic conditions present within the combustion 
chamber at the time of ignition. 
 
25˚ CA BTDC 30˚ CA BTDC 
  
  
35˚ CA BTDC 40˚ CA BTDC 
  
 
Figure 4.20 Correlation of time to 10% mass fraction burn with flame growth speed for ignition 
timings of 25˚ CA and 35˚ CA BTDC. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
single injection SOI = 80˚ CA, λ = 1) 
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25˚ CA BTDC 35˚ CA BTDC 
  
Figure 4.21 Correlation of time to 90% mass fraction burn with flame growth speed for ignition 
timings of 25˚ CA and 35˚ CA BTDC. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
single injection SOI = 80˚ CA, λ = 1) 
 
 
The same trends in the data were evident when correlating flame growth speed using 
images captured through the pent-roof window.  Figure 4.22 presents an example of 
the correlation between flame speed and peak cylinder pressure for an ignition timing 
of 35˚ CA BTDC, along with a table detailing the correlation coefficients calculated at 
the other tested ignition timings. 
 
 
 
Ignition Timing 
(Degrees CA BTDC) 
 
Correlation 
Coefficient 
25 0.54 
30 0.63 
35 0.63 
40 0.51 
 
Figure 4.22 Correlation between flame growth speed and peak cylinder pressure from flame 
images captured through the pent-roof window. (Engine speed 1500 rpm, intake manifold pressure 
0.5 bar, single injection SOI = 80˚ CA, λ = 1) 
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4.3.2 Lambda Sweep 
 
It has previously been discussed that an IC engine operating under steady state 
conditions does not maintain perfectly stable combustion, with variations in peak 
cylinder pressure and IMEP evident from cycle-to-cycle.  A number of factors are 
known to contribute to this variation, including variations in flow field structures, 
equivalence ratio, ignition timing and diluents, e.g. exhaust gas residuals.  Variations in 
the overall mixture air/fuel equivalence ratio (λ) and spatial in-homogeneities during 
each engine cycle are understood to be one of the main contributors to combustion 
instability.  To highlight the potential impact variations in overall equivalence ratio has 
on combustion stability, Figure 4.23 presents the mean (100 cycles) pressure trace for 
lambda ratios from λ = 0.8 to λ = 1.2, increments of λ = 0.1. 
 
 
Figure 4.23 Mean pressure trace for a lambda ratios ranging from λ = 0.8 to λ = 1.2 in increments of 
λ = 0.1 (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, 
single injection SOI = 80˚ CA, 100 cycle mean) 
 
 
The variations in combustion are a result of the equivalence ratio having a fundamental 
effect on the laminar burning velocity of the propagating flame.  As expected, the 
highest burning velocity was achieved in stoichiometric or slightly rich mixtures.  
Therefore, deviation from the stoichiometric mixture leads to a decrease in the laminar 
burning velocity.    To further understand the effect of lambda ratio on flame speed and 
combustion the analysis discussed in relation to ignition timing has been repeated for 
the range of lambda ratios. 
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The effect of changing lambda ratio was clearly demonstrated in the calculated mean 
flame growth speeds, presented in Figure 4.24a.  As expected a peak in flame growth 
speed of 10.74 m.s-1 occurs slightly rich of stoichiometric at a lambda ratio of λ = 0.90.  
As the mixture was made increasingly leaner, the flame speed continues to reduce until 
the weak mixture limit of the engine was reached, whereby flame quenching and 
misfires begin to occur.  This limit was evident when comparing the peak in mean 
flame growth speeds; at the lean limit of λ = 1.2 the flame growth speed was calculated 
to be 6.64 m.s-1 compared to the rich mixture, λ = 0.9, which was calculated to be 
10.74 m.s-1.  This was further highlighted in the mean local flame centroid speed data 
illustrated in Figure 4.24b, demonstrating similar flame growth for relative air/fuel 
ratios between λ = 0.8 and λ = 1.1, while the local flame speed was significantly 
reduced at the lean mixture limit, λ = 1.2.   
 
 
 
 
 
Figure 4.24 Mean flame speed vs. time calculated from flame images captured through piston 
crown window for a range of lambda ratios (0.80, 0.90, 1.00, 1.10 and 1.20). (Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, single injection 
SOI = 80˚ CA, 100 cycle mean) 
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The results of the correlation analysis between flame growth speed and engine 
performance parameters including peak pressure and time to 10% MFB, are presented 
in Figure 4.25.  Flame speed was calculated as an average over a 5˚ CA duration centred 
at 20˚ CA AIT.  The presented data includes the results of all five tested lambda ratios, 
λ = 0.80, 0.90, 1.00, 1.10 and 1.20, equating to a total of 500 cycles of data.  The 
previously highlighted trends remain evident in the data, with strong correlations 
between flame growth speed and peak pressure, R = 0.88, and with time to 10% MFB, 
R = -0.88.  Interestingly, the analysis of the ignition timing data demonstrated a weak 
correlation between flame growth speed and time to 90% MFB at the standard ignition 
timing of 35˚ CA BTDC.  However, a non-linear trend was evident when plotting the 
complete data set over the range of tested lambda ratios.  This occurs as a result of the 
lean mixtures prolonging the flame development period, increasing the time to 90% 
MFB. 
 
Flame growth speed vs. peak pressure Flame growth speed vs. time to 10% MFB 
 
 
Flame growth speed vs. time to 90% MFB 
 
Figure 4.25 Correlation between flame growth speed and engine performance parameters (peak 
pressure and 10% MFB) for all tested lambda ratios (λ = 0.8 to 1.2). (Engine speed 1500 rpm, 
intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, single injection SOI = 80˚ CA) 
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4.3.3 Injection Timing Sweep 
 
To investigate the effect of injection timing on in-cylinder combustion a single injection 
timing sweep was completed, with timings ranging from 40˚ CA to 240˚ CA ATDC intake 
in increments of 20˚ CA, shown in Figure 4.26.  For all experiments the engine speed 
and intake manifold pressure remained constant at 1500 rpm and 0.5 bar respectively, 
and a fixed ignition timing of 325˚ CA was used.  The injection duration was manually 
controlled through the AVL engine timing unit to achieve stoichiometric combustion, as 
indicated by the lambda sensor mounted within the exhaust.  It should be noted that 
engine operation was achieved up to an injection timing of 220˚ CA without misfire, 
however at an injection timing of 240˚ CA misfires began to occur and has therefore 
been omitted from the following discussion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26 Timing diagram indicating fuel injection timings relative to ignition  
(single injection experiments) 
 
 
 
 
 
Misfires occurred at 
late injection timing of 
240˚ CA ATDC intake 
            TDC - INTAKE 
            Ignition 325˚ CA Injection timing range  
from 40˚ to 240˚ CA ATDC 
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The mean relationships for the in-cylinder pressure histories are presented in  
Figure 4.27, for single injection timings from 40˚ CA to 220˚ CA in increments of 20˚ CA.  
For each injection timing 100 cycles of pressure data was recorded at a temporal 
resolution of 0.1˚ CA at an engine speed of 1500 rpm.  For further comparison  
Figure 4.28 presents the mean, maximum and minimum magnitudes of cylinder 
pressure, burn rate and IMEP, for all tested injection strategies.  Error bars on the 
mean data highlight the standard deviation in the data, providing an indication of the 
cycle-to-cycle variation in the pressure derived data. 
 
 
 
 
 
Figure 4.27 Mean in-cylinder pressure vs. crank angle for a range of fuel injection timings 
(40˚ to 220˚ CA ATDC intake in increments of 20˚ CA). (Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1, 100 cycle mean) 
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The pressure data for the single injection timings presented in Figure 4.27 show three 
main groupings in the results: 
 
40˚ CA < Start of Injection < 140˚ CA  
Similar trends in the cylinder pressure histories are evident for injection timings 
occurring early in the intake stroke, between 40˚ CA and 120˚ CA.  These injection 
timings have similar magnitudes and phasing in peak pressure of ~13 bar, occurring 
at a crank angle of 379.4˚ CA.  Comparison of the times to 10% and 90% MFB also 
highlights similar durations of approximately 40.4˚ CA and 79.3˚ CA respectively.  
Over this crank angle range the COVIMEP was shown to increase from 1.47 bar to 
4.15 bar, with the standard injection timing occurring at 80˚ CA, having a COV of 
1.78  bar. 
 
140˚ CA < Start of Injection < 180˚ CA 
Retarding injection timing towards the fixed ignition timing of 325˚ CA, leads to a 
window of operation where a noticeable difference in peak cylinder pressure 
compared to the early injection timings was evident.  Injection timings occurring at 
140˚ CA and 160˚ CA had the shortest time to 10% and 90% MFB of 37.0˚ CA and 
60.6˚ CA respectively.  This reduction in burn rate compared to the early injection 
timings results in an increase in peak pressure from 13.0 bar to 15.3 bar, occurring 
approximately 4˚ CA earlier in the engine cycle at 375.3˚ CA.  Interestingly, these 
injection timing also resulted in the lowest COVIMEP, calculated to be 1.28 bar. 
 
Start of Injection > 180˚ CA 
Injection timings occurring early into the compression stroke have a significantly 
longer time to 10% and 90% MFB, of approximately 72.0˚ CA and 85.3˚ CA 
respectively.  This longer combustion duration results in a lower peak cylinder 
pressure of 11.5 bar occurring later in the combustion stroke at 382.2˚ CA.  Although 
the latest injection timing, occurring at 220˚ CA, had similar peak pressures and 
combustion durations to the early injection strategies, an increase in combustion 
instability was observed, with greater variation in magnitude and location of peak 
pressure calculated and an overall increase in COVIMEP from 1.78 bar to a COVIMEP of 
4.40 bar. 
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a) Mean, maximum and minimum peak in-cylinder pressures vs. injection timing 
 
 
b) Time to 10%, 80% and 90% mass fraction burned vs. injection timing 
 
 
c) Indicated mean effective pressure vs. injection timing 
Figure 4.28 Comparison of pressure statistics for a range of fuel injection timings (40˚ to 220˚ CA 
ATDC intake in increments of 20˚ CA). (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
ignition timing 325˚ CA ATDC, λ = 1, 100 cycle mean) 
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Typical flame images captured through the optical piston crown for fuel injection 
timings occurring at 40˚ CA, 160˚ CA and 200˚ CA ATDC are presented in Figure 4.30, 
Figure 4.31 and Figure 4.32 respectively.  Images are presented from 15˚ CA AIT to 
42˚ CA AIT in 1˚ CA increments.  For reference the images are orientated such that the 
exhaust valves are located in the lower half of the image and the intake valves in the 
upper half, as shown in Figure 4.29. 
 
 
Figure 4.29 Orientation of flame images with respect to intake and exhaust valves 
 
 
Similar flame growth structure was evident between the injection timings of 40˚ CA 
and 160˚ CA, with the flame initially being convected across the combustion chamber 
towards the exhaust valves, before propagating back across the cylinder towards the 
intake side.  This suggests that the late injection timing has not had a significant impact 
upon the bulk flow motion, and the increase in flame speed was likely to be a result of 
either (1) a change in the local AFR distribution due to insufficient time available for 
complete mixing to take place or (2) the high pressure fuel injection event occurring 
later in the cycle adding energy to the flow, increasing the small scale turbulent flow 
structures known to influence flame speed.  The combustion event for the late injection 
timing of 200˚ CA ATDC, was shown to develop more ‘spherically’ through the cylinder, 
with only a small displacement from the spark electrode.  This was in comparison to 
the significant flame kernel movement towards the exhaust side of the combustion 
chamber evident with the earlier injection timings. A number of mechanisms may be 
responsible for this noticeable difference in flame behaviour, from varying 
concentrations of air-fuel ratio distribution local to the spark plug, increased heat 
transfer and flow field effects.  As is discussed in further detail later in this section, 
considering the limited time available for mixing to occur, the local AFR distribution 
was likely to be the primary contributor to the difference in flame growth. 
 
Intake           Intake 
Exhaust       Exhaust 
The Effect of Engine Operating Parameters on DISI Engine Combustion 
 
 
123 
 
Injection timing 40˚ CA ATDC 
 
Figure 4.30 Sequence of flame images captured through the optical piston crown 
Injection timing 40˚ CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition 
timing 325˚ CA ATDC, λ = 1)  
15˚ CA AIT 16˚ CA AIT 17˚ CA AIT 18˚ CA AIT
19˚ CA AIT 20˚ CA AIT 21˚ CA AIT 22˚ CA AIT
23˚ CA AIT 24˚ CA AIT 25˚ CA AIT 26˚ CA AIT
27˚ CA AIT 28˚ CA AIT 29˚ CA AIT 30˚ CA AIT
31˚ CA AIT 32˚ CA AIT 33˚ CA AIT 34˚ CA AIT
35˚ CA AIT 36˚ CA AIT 37˚ CA AIT 38˚ CA AIT
39˚ CA AIT 40˚ CA AIT 41˚ CA AIT 42˚ CA AIT
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Injection timing 160˚ CA ATDC 
 
Figure 4.31 Sequence of flame images captured through the optical piston crown 
Injection timing 160˚ CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition 
timing 325˚ CA ATDC, λ = 1) 
15˚ CA AIT 16˚ CA AIT 17˚ CA AIT 18˚ CA AIT
19˚ CA AIT 20˚ CA AIT 21˚ CA AIT 22˚ CA AIT
23˚ CA AIT 24˚ CA AIT 25˚ CA AIT 26˚ CA AIT
27˚ CA AIT 28˚ CA AIT 29˚ CA AIT 30˚ CA AIT
31˚ CA AIT 32˚ CA AIT 33˚ CA AIT 34˚ CA AIT
35˚ CA AIT 36˚ CA AIT 37˚ CA AIT 38˚ CA AIT
39˚ CA AIT 40˚ CA AIT 41˚ CA AIT 42˚ CA AIT
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Injection timing 200˚ CA ATDC 
 
Figure 4.32 Sequence of flame images captured through the optical piston crown 
Injection timing 200˚ CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition 
timing 325˚ CA ATDC, λ = 1)  
15˚ CA AIT 16˚ CA AIT 17˚ CA AIT 18˚ CA AIT
19˚ CA AIT 20˚ CA AIT 21˚ CA AIT 22˚ CA AIT
23˚ CA AIT 24˚ CA AIT 25˚ CA AIT 26˚ CA AIT
27˚ CA AIT 28˚ CA AIT 29˚ CA AIT 30˚ CA AIT
31˚ CA AIT 32˚ CA AIT 33˚ CA AIT 34˚ CA AIT
35˚ CA AIT 36˚ CA AIT 37˚ CA AIT 38˚ CA AIT
39˚ CA AIT 40˚ CA AIT 41˚ CA AIT 42˚ CA AIT
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Analysis of all flame images captured through the pent-roof and piston crown windows 
was completed for all tested fuel injection timings.  However, the discussion in the 
remaining sections of this chapter relates to the analysis of flame images captured 
through the piston crown window only.   
 
The flame growth speed with respect to crank angle after ignition timing (AIT) is 
presented in Figure 4.33, for the single injection timings from 40˚ CA to 220˚ CA.  The 
three groupings of injection timings identified within the discussion of the pressure 
data are also evident within the mean trends in flame growth speed.  The early 
injection timings occurring between 40˚ CA and 120˚ CA exhibit similar trends in flame 
growth following ignition, with comparable peak flame speeds of ~10 m.s-1, typically 
occurring 30˚ CA AIT.  Injection timings occurring towards the end of the intake stroke, 
140˚ CA and 160˚ CA, are shown to have the fastest flame growth reaching a peak flame 
speed of approximately 11 m.s-1, 5˚ CA earlier than the early injection timings.  The late 
injection timings occurring at timings after 180˚ CA ATDC demonstrate the slowest 
flame growth speeds, resulting in a lower peak flame speed of 9 m.s-1, occurring 
approximately 2-3˚ CA later than the early injection timings.  As expected these trends 
in flame growth speed correspond to the previously discussed differences in times to 
10% MFB and peak cylinder pressures. 
 
 
Figure 4.33 Mean flame growth speed vs. time for a range of single injection timings. (Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1, 100 cycle mean) 
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Figure 4.34 plots the flame growth speed against flame radius for all single injection 
timings.  The flame growth speed was observed to increase up to a peak at a flame 
radius of approximately 20 mm, or 30˚ CA AIT, after which the flame speed reduces.  
The reduction in flame growth speed after 20 mm flame radius was a result of the 
initial flame convection towards the exhaust side of the combustion chamber.  At this 
flame radius some ‘clipping’ of the flame area occurs, due to the difference in the 
diameter of the piston crown window and the cylinder bore limiting optical access.  
After this point the flame begins to propagate through the cylinder back towards the 
intake side of the combustion chamber.   
 
 
Figure 4.34 Mean flame growth speed vs. Flame radius for a range of single injection timings. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1,  
100 cycle mean) 
 
 
The previous sections presented a number of correlations between flame growth 
parameters captured through the pent-roof and piston crown windows, with engine 
performance parameters.  For completeness these correlations have been repeated 
using flame data captured through the piston crown window for all single injection 
timings.  Using the complete data set, constituting ~1000 engine cycles, confirms the 
results of previously presented data. Figure 4.35 and Figure 4.36 present the 
correlation of flame growth speed with peak in-cylinder pressure and 10% MFB, 
indicating correlation coefficients of R = 0.83 and R = -0.88 respectively. 
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Figure 4.35 Correlation between flame growth speed and peak in-cylinder pressure. (Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1) 
 
 
 
 
Figure 4.36 Correlation between flame growth speed and time to 10% mass fraction burned. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1) 
  
6 8 10 12 14 16 18 20
0
2
4
6
8
10
12
14
16
 
F
la
m
e
 G
ro
w
th
 S
p
e
e
d
 (
m
.s
-1
)
Peak In-Cylinder Pressure (bar)
No. Engine Cycles = 1000
Correlation Coefficient = 0.83
Standard Deviation = 0.92
Data set includes fuel injection timings 
from 40
o
 CA to 220
o
 CA in 20
o
 increments
25 30 35 40 45 50 55 60 65
0
2
4
6
8
10
12
14
16
Data set includes fuel injection timings 
from 40
o
 CA to 220
o
 CA in 20
o
 increments
 
 
F
la
m
e
 G
ro
w
th
 S
p
e
e
d
 (
m
.s
-1
)
Time to 10% Mass Fraction Burned (Degrees Crank Angle)
No. Engine Cycles = 1000
Correlation Coefficient = -0.88
Standard Deviation = 0.77
The Effect of Engine Operating Parameters on DISI Engine Combustion 
 
 
129 
 
Figure 4.37 presents the mean vector displacement of the flame centroid location to the 
spark plug location, for the single injection timing sweep.  This parameter provides 
further understanding of the flame growth relative to the spark plug.   
 
 
Figure 4.37 Mean flame centroid displacement from spark plug following spark ignition for a range 
of single injection timings. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition 
timing 325˚ CA ATDC, λ = 1, 100 cycle mean) 
 
 
Similar trends in flame growth are evident for injection timings occurring early in the 
intake stroke between 60˚ CA and 120˚ CA.  The flame was initially convected towards 
the exhaust side of the combustion chamber by the large scale bulk motions.  The first 
peak occurring at approximately 28˚ CA, was due to a combination of flame ‘clipping’ 
resulting from the  reduced diameter of the piston crown window compared to the 
cylinder bore, and the flame beginning to develop towards the intake side of the 
combustion chamber.  A slight difference of approximately 2 mm was evident in the 
peak displacement from the spark plug, with the standard single injection strategy (SOI 
80˚ CA) presenting the least displacement.  The flame continued to propagate across 
the combustion chamber until the flame had developed across the full bore of the 
cylinder.  Negligible differences in the mean flame growth are evident for these 
injection strategies following 30˚ CA AIT.   
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The two injection strategies that resulted in the highest peak in-cylinder pressure and 
fastest time to 10% MFB, have similar overall trends in flame growth to the earlier 
injection timings.  However, the first point of inflection was observed to occur earlier in 
the combustion event at approximately 21˚ CA as opposed to 28˚ CA for the early 
injection timings.  Considering that the peak displacement from the spark plug remains 
of similar magnitude to the early injection timings, ~7 mm, this difference in peak 
location was the result of the increased flame speed and faster time to 10% MFB, 
rather than a more spherical flame growth structure. 
 
Interestingly, the late injection timings of 200˚ CA and 220˚ CA, have noticeable 
differences in the overall flame growth compared to all of the other injection timings.  
The data illustrates limited flame displacement from the spark plug throughout the 
combustion event, with the flame tending to develop centrally to the cylinder bore, 
representative of a more spherical flame growth structure.  These injection timings 
were previously shown to have the lowest flame growth speed of approximately    
9 m.s-1, leading to a slower time to 10% MFB and a lower peak pressure occurring later 
into the expansion stroke.  Although the lambda sensor recorded a mean ratio of 
λ = 1.00, the reduced time for mixing to take place for the late injection timings was 
expected to result in increased variance in the local AFR.  Consequently the differences 
in flame speed and growth are more likely to be a result of local AFR differences, as 
opposed to the modification of the flow field structures.  Quantitative PLIF experiments 
completed at Oxford university by Williams et al. (2008) within an engine of identical 
geometry, have reported measureable differences in local AFR across the combustion 
chamber at the time of ignition for late injection timings occurring at SOI > 220˚ CA.  
Figure 4.38 presents a set sample PLIF images captured 5˚ CA before ignition timing for 
a late fuel injection timing of 220˚ CA ATDC.  The three images represent the 
distribution of tracer used for the PLIF measurements representative of the light 
(acetone), medium (toluene) and heavy (trimethalbenzene) fractions of the fuel.  The 
values represent the fraction of fuel evaporated, weighted to account for the 
proportion of the tracer within the fuel.  Consequently summing across all three tracers 
would yield the overall equivalence ratio.  The results highlight significant mixture in-
homogeneity local to the spark plug at the time of ignition, which was the likely reason 
for the noticeable differences in flame growth at this late injection timing.  It was noted 
that at earlier injection timings no significant difference in fuel distributions were 
evident, within the measurement precision. 
 
The Effect of Engine Operating Parameters on DISI Engine Combustion 
 
 
131 
 
Acetone Toluene Trimethalbenzene 
   
Figure 4.38 Sample mean PLIF images showing variation in fuel distribution within the pent-roof 
combustion chamber 30˚ CA BTDC, SOI = 220˚ CA (Williams et al., 2008) 
 
 
Comparison of the local flame centroid speeds presented in Figure 4.39, further 
supports the comments made previously in relation to the different injection timings.  
It is interesting to note that there are only slight differences in the local flame centroid 
speeds between 10˚ CA and 20˚ CA AIT.  This suggests that there was negligible 
difference in the bulk flow structures local to the spark plug at the time of ignition.  The 
main differences occur following 20˚ CA AIT, with injection timings of 140˚ CA and 
160˚ CA showing the least reduction in flame speed followed by the highest peak local 
flame centroid speed occurring earlier in the expansion stroke, compared to injection 
timings occurring between 60˚ CA and 120˚ CA.  The later injection timings, > 180˚ CA, 
are affected the least by the bulk flow structures within the combustion chamber, 
indicated by the first peak in local flame centroid speed having the smallest magnitude 
of ~3.5 m.s-1 compared to ~5.5 m.s-1, compared to the early injection timings.  
Furthermore the secondary peak in flame displacement was also reduced by 
approximately 5 m.s-1.  This difference in local flame centroid speed was a result of the 
later injection timings exhibiting a more spherical flame growth, and therefore least 
displacement in centroid location through the cycle. 
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Figure 4.39 Mean local flame centroid speed vs. time for a range of single injection timings.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA ATDC, λ = 1,  
100 cycle mean) 
 
 
4.4 Concluding Remarks 
 
This chapter has discussed the optical setup of a dual location high speed, 9 kHz, 
imaging system capturing crank angle resolved flame images, engine speed 1500 rpm, 
simultaneously with cylinder pressure data acquisition.  This optical arrangement has 
been used to investigate the effect of varying specific engine operating parameters 
including ignition timing, overall relative air/fuel ratio and fuel injection timing, on 
flame growth and combustion stability.  During this work an automated flame image 
analysis routine has been developed to process each flame image quantifying 
geometric features of the flame, e.g. radius, area, volume, perimeter length, flame 
movement, e.g. centroid location, displacement, path length, and flame speed, e.g. flame 
growth speed, local centroid speed.  Based on the results obtained from this analysis 
routine the following conclusions can be made: 
 
1. The link between mass fraction burn profiles and flame radius was illustrated 
within the analysis of the ignition timing data.  Results demonstrated the 
potential for flame imaging to provide additional information relating to 
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combustion phenomena early in the cycle that the cylinder pressure data 
cannot reliably capture on a cycle-to-cycle basis.  To assess the feasibility of 
adopting new engine operating conditions, testing must not rely solely on the 
in-cylinder pressure data and where possible include high speed flame imaging 
to gain a complete understanding of the combustion process. 
 
2. Strong correlations were evident between flame growth speed, peak cylinder 
pressure and time to 10% MFB, for all tested engine operating conditions, 
demonstrating the well understood link between flame propagation and engine 
performance.  Correlating flame speed at specific crank angle locations with 
peak pressure showed that it was the flow and thermodynamic conditions local 
to the spark plug at the time of ignition that has greatest influence of the 
combustion process for that particular engine cycle. 
 
3. Flame imaging was completed for a wide range of fuel injection timings.  
Results highlighted that similar combustion performance was achieved for 
injection timings occurring between 40˚ CA and 120˚ CA.  However, injection 
timings occurring at 140˚ CA and 160˚ CA showed a significantly reduced time 
to 10% and 90% mass fraction burned resulting in a higher peak pressure.  
Furthermore for these injection timings a significantly lower COVIMEP was 
calculated.  For late injection timings, Injection timing >180˚ CA, the flame was 
observed to propagate in a more ‘spherical’ manner through the combustion 
chamber.   
 
The following chapter quantifies the temporal and spatial development of flow field 
structures within the pent-roof combustion chamber, leading up to and following spark 
ignition, and investigates the scales of flow structure that have greatest influence on 
combustion.  
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5.1 Introduction 
 
As previously discussed in Chapter 2, many factors influence in-cylinder combustion, 
one of the most critical being that of charge motion (Ozdor et al., 1994).  It is well 
documented that the fluid motion generated within the cylinder of an IC engine during 
intake and compression has a fundamental effect on engine performance.  Studies have 
investigated the influence of in-cylinder flow on combustion within IC engines.  
Johansson (1991) used simultaneous LDV measurements in the vicinity of the spark 
plug and simultaneous pressure analysis to show the existence of a strong correlation 
between turbulence and time for 0 to 5% MFB.  Bianco et al. (1991) used a spark plug 
fibre optic probe to study the flame behaviour in the vicinity of the spark plug, 
demonstrating a correlation between flame expansion velocity and 0 to 2% MFB.  This 
correlation was further supported by Pajot et al. (2000) using PIV, results of which 
showed a strong correlation between mean velocity at the spark plug and displacement 
of the flame centre of gravity.  However, little data is available that provides 
information on the in-cylinder flow in both spatial and temporal domains local to the 
spark plug, and the affect this has on engine performance.   
 
This chapter investigates the influence that specific scales of turbulent flow structure 
have on combustion within a DISI engine.  Flow field structures leading up to and 
following spark ignition have been quantified using the TSI Pegasus high speed PIV 
system. Velocity field data was recorded at a rate of 5 kHz within the pent-roof 
combustion chamber, providing a temporal resolution of 1.8 crank angle degrees 
between measurement fields, at an engine speed of 1500 rpm.  The levels of turbulence 
that exist within each cycle have been calculated as a root mean square (RMS) velocity 
and compared to engine performance parameters including IMEP and MFB.  In order to 
determine the range of spatial and temporal scales of turbulence that affect the burn 
rate and IMEP, frequency analysis was carried out upon the velocity field data. This 
analysis was achieved by FFT filtering the HSPIV data captured in the vicinity of the 
spark plug, separating the velocity fields into low frequency bulk motion and high 
frequency turbulence components. Capturing data over successive engine cycles, whilst 
simultaneously sampling cylinder pressure has enabled the link between specific scales 
of turbulent flow structure and engine performance parameters to be investigated. 
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5.2 Experimental Configuration 
 
High speed, 5 kHz, PIV has been completed within the pent-roof combustion chamber 
for the purpose of investigating the link between specific scales of flow structure, flame 
propagation and engine performance.  Velocity field measurements were obtained 
using the TSI HSPIV system described in Chapter 3.  This incorporates a Nd:YLF New-
Wave Pegasus laser and a Photron APX-RS CMOS camera, all controlled by a TSI 
synchronisation unit.  The output from the Nd:YLF laser was formed into a vertical light 
sheet approximately 20 mm in width and 2 mm in depth at the measurement region 
using a positive focal length spherical lens and a negative focal length cylindrical lens.  
The laser sheet was introduced into the cylinder via a 45° mirror located within the 
extended piston, and passed through the optical piston crown.  The high speed camera 
was mounted perpendicular to the light sheet on an x-y traverse, allowing for accurate 
positioning of the image area within the combustion chamber.  The measurement 
region was located within the pent-roof of the tumble plane, offset 2 mm from the 
spark plug earth electrode, as illustrated in Figure 5.1.  The image area was 12 mm by 
12 mm in size, the top edge of which was in line with the top of the pent-roof and image 
region positioned along the spark plug centreline.   
 
 
Figure 5.1 Location of PIV measurement region within the combustion chamber 
 
Intake Exhaust 
PIV measurement 
location
Injector
Spark 
plug 
  
The Pegasus-PIV system incorporated
Nd:YLF laser, wavelength 527 nm
at a frequency of 5 kHz, providing consecutive laser pulses with a time separation of 
12 ms, pulse duration of 180 ns and pulse energy of approximately 2.5
the capture of velocity vector fields at a frequency of 5
degrees at an engine speed of 
by 512 pixels when running at a rate of 5 kHz PIV.  
through the use of a 
accurately trace the in
were introduced into the intake air.  This was done using a TSI multi jet atomizer to 
generate flow tracer oil droplets with a nominal diameter of 1
properties provided adequate light scattering and flow tracing fidelity for the engine 
flow field.  The particle image size in the image plane was approximately 2 pixels, to 
reduce peak locking and improve accuracy in determining sub pixel 
Velocity field measurements were made over a 70.2
ATDC, as illustrated in 
with a total of 26 cycles captured in one experimental run.  For statistical accuracy a 
total of 100 engine cycles
TSI Insight 3G software utilizing a Fast Fourier Transform (FFT)
routine with a Gaussian peak search algorithm.  Interrogation regions were 32 by 32 
pixels in size equating to approximately 0.75 mm by 0.75 mm region in the flow.  A 
50% interrogation region overlap was also included to provide a measur
of 0.375 mm in the vector field.
 
Figure 5.2 Timing diagram indicating triggering of data acquisition systems
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5.3 Post Processing and Data Analysis 
5.3.1 PIV Image Post Processing 
 
The aim of the testing was to quantify the flow structures within the combustion 
chamber leading up to and following spark ignition with the purpose of understanding 
the scales of flow structure that influence IC engine combustion.  Consequently the raw 
particle images capture the propagating flame front as it burns through the seeding 
particles suspended within the flow.  The analysis routine was therefore required to 
account for the presence of a flame within the PIV image to enable the flow field 
structures ahead of the propagating flame front to be quantified.  To achieve this a 
processing routine was developed to identify the burned and unburned regions within 
the raw PIV data, generate a series of flame masks and apply this mask to the 
processed velocity fields.  To identify the burned and unburned regions within the raw 
particle images a threshold/filter routine was developed in MATLABTM.  The program 
loaded each raw particle image and stores the data in an intensity matrix.  The matrix 
contained intensities ranging from I = 0 (black) to I = 255 (white), corresponding to un-
seeded and seeded areas respectively.  As previously discussed in Chapter 3, the 
particle image density was optimised to achieve approximately 8-10 particle images 
within each interrogation region.  Black regions are therefore present within the 
particle image in both the burned, where the flame has consumed the seeding, and 
unburned regions, due to optimised particle density.  Consequently, a standard edge 
detection routine could not be used as it would be incapable of differentiating between 
areas without seeding but still ahead of the propagating flame and the true burned 
region.  A filtering routine was developed to enable this differentiation to be made.    
 
The filter routine uses a two-stage process to identify the burned and unburned 
regions.  Firstly, the intensity at each matrix location was compared to a user defined 
threshold value.  If the intensity was greater than the threshold value then that matrix 
location was given a value of ‘1’, otherwise it was assigned a value of ‘0’.  This was 
repeated over the full particle image, binarising the raw particle image data.  The 
second stage of the filtering routine interrogates the neighbouring values of each 
matrix point assigned with a value of ‘1’.  If a certain number of positive connections 
are identified then the current intensity value was understood to be part of the 
unburned region and remains assigned a value of ‘1’, if not then it was interpreted as 
either a burned region of the flame or background noise in the image and reassigned a 
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value of ‘0’.  This binarised matrix was the same size as the raw particle image rather 
than the size of the PIV vector field, therefore the program resized the mask to match 
the spatial resolution of the processed velocity vector field.  To illustrate this process, 
Figure 5.3  presents the raw particle image following ignition overlaid with the 
generated burned/unburned region mask identifying the flame edge and the 
corresponding velocity vector field. 
 
 
              
 
Figure 5.3 PIV image post processing (a) raw particle image captured within the pent-roof 
combustion chamber combined mask identifying burned and unburned regions (b) corresponding 
velocity vector field. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 
325˚ CA, single injection SOI = 80˚ CA, λ=1) 
(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) Vel Mag (m.s-1) 
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5.3.2 Velocity Field Analysis Techniques 
 
5.3.2.1 Flow Field Decomposition  
 
Analysis of instantaneous velocity fields has often used the Reynolds decomposition 
technique to link the ensemble average flow and the cycle specific fluctuating 
component. However, as discussed in the Literature Survey, Velocity Field 
Decomposition Techniques (Section 2.3), the application of Reynolds decomposition in 
space or time provides an extreme approach to understanding the nature of the flow, in 
that the decomposition only isolates the components that have infinite scale from the 
others.  Furthermore, due to the large variation in the mean flow within in-cylinder 
flow fields, this technique can result in an over estimation of the turbulence (Park et al., 
2004).  
 
An alternative approach to analysing flow structures within the cylinder of an IC engine 
has been to frequency filter the velocity field data either spatially or temporally.  This 
process has been used to decompose the flow into its low frequency bulk motion and 
high frequency turbulence.  Several authors including Park et al. (2004),  Joo et al. 
(2004), St Hill et al. (2000) and Jarvis et al. (2006), have previously used low-pass 
filtering of the velocity data to decompose the flow into low frequency bulk motion and 
high frequency turbulence.  This has enabled cyclic variations in both the large and 
small scale structures present within the cylinder to be investigated.  As identified in 
the Literature Survey, Chapter 2, the difficulty with this and other decomposition 
techniques is correctly establishing the separation between the two frequency 
components, in this case a cut-off frequency defining the separation between low and 
high frequency fluctuations.  As a result of this difficulty a wide range of cut-off 
frequencies used in the analysis of IC engine flows have been reported in the literature 
and discussed in more detail in Section 5.4.2.  This chapter discusses a methodology for 
correctly identifying a suitable cut-off frequency for the analysis of turbulent flow 
structures within a DISI engine based on the relationship between specific scales of 
turbulent flow and IC engine performance parameters.   
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Due to the high temporal and spatial resolution of the data recorded using HSPIV, it 
was possible to filter data with respect to frequency of velocity variation and hence 
scale of turbulent structures.  For this research, the data was filtered on a temporal 
basis, decomposing the vector fields into high and low frequency components.  For 
each individual engine cycle, i, the captured velocity vector fields were decomposed 
using the following equation: 
 
( ) ( ) ( )yx,i,θ,HFyx,i,θ,LFyx,i,θ, UUU +=  
 
where: 
U(θ,i,x,y)  = Instantaneous velocity for cycle, i, crank angle θ and location x,y; 
ULF(θ,i,x,y) = Low frequency component of velocity; 
UHF(θ,i,x,y) = High frequency component of velocity. 
 
 
Decomposition of individual flow fields was completed by transferring the 
instantaneous velocity field component at every location, x,y, within the HSPIV sample, 
θ, for each engine cycle, i, into the frequency domain by means of a Fast Fourier 
Transform (FFT).  In the frequency domain a low pass filter was applied to the velocity 
signal and then reconstructed into the time domain to obtain the low frequency 
velocity components.  The high frequency component was then obtained by subtracting 
this low frequency velocity component from the original instantaneous velocity.  The 
processing of the captured PIV data was completed within MATLABTM, using the inbuilt 
signal processing toolbox.  This provided the required functions to transfer the velocity 
data into the frequency domain using an inbuilt FFT function and an inverse function to 
transfer the data back into the time domain once the filtering algorithm had been 
applied.  Figure 5.4 illustrates the filtering process completed on the horizontal velocity 
component at a single x,y location in the vector field, extracted from a single engine 
cycle. 
 
 
 
  
Eqn.(5.1) 
  
 
 
 
Frequency Decomposition
( ) ( ) HFyx,i,θ,LFyx,i,θ, UUU +=
 
Low frequency velocity component
Figure 5.4 Schematic and sample results of the velocity field decomposition
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Sequence of raw velocity vector fields 
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5.3.2.2 Mean Velocity 
 
To quantify the flow field development through the engine cycle a spatial and temporal 
mean velocity was calculated from the HSPIV velocity vector fields.  Temporally, a 
mean of the horizontal, Ux, vertical, Uy, and velocity magnitude, Umag, at each location, 
x,y, in the vector field was calculated at each captured crank angle location, θ, for all 
captured engine cycles, i = n, using the following equation; 
 
Temporal: ( ) ( )∑
=
=
=
ni
1i
yx,i,θ,yx,θ, U
n
1
U  
 
 
A mean velocity component (Ux, Uy, Umag) was therefore determined at each x,y location 
within the vector field for each captured crank angle location.  However, to enable the 
mean flow through the engine cycle to be further understood and for comparison of 
different parameter changes to be made, a spatial average of the velocity components 
was calculated for each vector field as follows; 
 
Spatial:  ( ) ( )∑∑
=
=
=
=
=
N
1x
My
1y
yx,i,θ,iθ, UN.M
1
U
x
 
 
 
5.3.2.3 Turbulence 
 
As was previously discussed in the Literature Review, Chapter 2, turbulence, u’, has 
typically been calculated as a root mean square (RMS) of the fluctuating velocity 
component, thus; 
 
( )2' UUu −=  
 
where 
U  = Instantaneous velocity component; 
Ū  = Mean velocity; 
u’   = RMS turbulence. 
Eqn. (5.2) 
Eqn. (5.3) 
Eqn. (5.4) 
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This approach can be used to determine RMS turbulence over a temporal or spatial 
window, as presented in Equations 5.5 and 5.6 respectively.  Temporally, the 
turbulence was calculated from the instantaneous velocity vectors at every x,y location 
in the vector field over a temporal period of ‘n’ PIV frames, within each specific engine 
cycle.  Spatially, the turbulence was calculated over a spatial window of N by M velocity 
vectors raster scanned through each velocity vector field individually, as follows;  
 
Temporal:  ( ) ( )( )∑
=
=
−=
ni
1i
2
yx,i,θ,yx,i,θ,
' UU
n
1
u  
 
Spatial:  ( ) ( )( )∑∑
=
=
=
=
−=
Nx
1x
My
1y
2
iθ,yx,i,θ,
' UU
N.M
1
u  
 
 
However, as previously discussed in Chapter 2, the process of calculating an ensemble 
average velocity does not account for the cycle-to-cycle variation that is present within 
IC engine flows, and can result in an overestimation of the turbulence.  To avoid this 
the raw velocity can be decomposed into low and high frequency components, 
separated by the selection of a suitable cut-off frequency.  This approach effectively 
separates the velocity field into a low frequency bulk motion containing the individual 
cycle mean, and the high frequency velocity fluctuation about the ‘true’ cycle mean.  
Therefore, since the low frequency component contains the cycle mean, the turbulence 
can be calculated from the high frequency velocity component, UHF, as follows; 
 
( ) 2HF2LF'HF UUUu =−=  
 
 
To enable correlations to be made between turbulence and engine performance 
parameters including peak cylinder pressure, IMEP and MFB, a single turbulence value 
was required at each captured crank angle location.  This was calculated as a spatial 
average over each calculated high frequency turbulence field, and repeated for the 
complete captured data set.  
  
Eqn. (5.5) 
Eqn. (5.6) 
Eqn. (5.7) 
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5.4 Results and Discussion 
5.4.1 Cylinder Pressure Measurements 
 
To characterise cycle-to-cycle variation in combustion within the single cylinder DISI 
optical engine, 400 cycles of pressure data were acquired for the standard single 
injection operating condition.  During these tests, the engine was operated at an engine 
speed of 1500 rpm, intake manifold pressure of 0.525 bar and stoichiometric air/fuel 
ratio.  A number of factors were identified within the Literature Review in Chapter 2, as 
contributors to cycle-cycle variation in IC engine combustion including; Spray 
formation and mixing, AFR distribution at ignition timing, turbulent flow structures 
and in-cylinder residuals.  Furthermore, the effect of engine operating conditions, 
including overall lambda ratio, ignition timing and fuel injection timing  on flame 
growth and engine performance were quantified, and the results discussed in 
Chapter 4.  To further illustrate the level of cyclic variability in combustion for during 
steady state engine operation,  Figure 5.5 presents the pressure vs. volume history for 
100 of the 400 captured engine cycles.  It was clearly illustrated that variations in both 
magnitude and location of peak pressure occur from cycle to cycle.  It is this variation 
that impacts on the work transferred to the piston and consequently the engine 
performance, e.g. IMEP and MFB. 
 
 
Figure 5.5 Cylinder pressure vs. Cylinder volume for 100 consecutive engine cycles.  
(Engine speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA,  
single injection SOI = 80˚ CA, λ=1) 
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In order to determine the performance associated with each engine cycle, the IMEP 
was calculated from the measured cylinder pressure using the method developed by 
Rassweiler and Withrow (1938).  Considerable variation in IMEP from cycle to cycle 
was evident, with a mean IMEP of 2.6 bar and standard deviation of 0.075 bar.  Figure 
5.6 compares the variation in IMEP with the time for 90% MFB.  To quantify the 
dependence of these two parameters the correlation coefficient (R) was calculated 
using Pearson’s product momentum equation, previously defined in Chapter 4, 
Section 4.3.1.  A strong negative relationship R = -0.81 was evident, demonstrating the 
well understood link between engine load and burn rate.  Furthermore, if only the time 
for 10% MFB was compared to IMEP, Figure 5.7, a correlation was still present, R = -
0.71.  This link indicates that the rate at which a flame front consumes the charge, even 
at the start of the combustion process, has a direct bearing upon engine load. 
 
  
Figure 5.6  IMEP vs. Time to 90% mass fraction burned. (Engine speed 1500 rpm, intake manifold 
pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
 
Figure 5.7 IMEP vs. Time for 10% mass fraction burned. (Engine speed 1500 rpm, intake manifold 
pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
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This view was further supported by the direct correlation found between the time for 
10% MFB and the time for 90% MFB, R = 0.81, as shown in Figure 5.8.  This high degree 
of correspondence between early and global consumption rate demonstrates that 
combustion events that start with a high burn rate maintain this advantage throughout 
the cycle. 
 
 
Figure 5.8 Time for 90% MFB vs. Time for 10% MFB. (Engine speed 1500 rpm, intake manifold 
pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
 
It can be concluded that the in-cylinder conditions present at the time of ignition have a 
significant impact on IMEP.  It was clear that if the flow conditions produce a rapid 
burn rate and fast flame propagation to 10% MFB, then the flame will remain fast and 
there will be a rapid burn to 90% MFB and generate a high IMEP.  Since there is a 
known link between level of turbulence and burn rate (Bradley et al., 2003) it is 
evident that quantification of the flow field conditions present at the time of ignition, 
within the area through which the flame front initially propagates, is essential in 
developing an understanding of the link between turbulence, burn rate and IMEP. 
 
5.4.2 Flow Field Structures Leading up to Spark Ignition 
 
As described within Section 5.2 of this chapter, the velocity vector fields within the 
pent-roof combustion chamber leading up to and following spark ignition, using HSPIV.  
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measurements were captured over a 70.2˚ CA range, from 300˚ CA to 370.2˚ CA ATDC, 
at a PIV frequency of 5 kHz.  To illustrate this flow field development, Figure 5.11 and 
Figure 5.12 present the time sequence of HSPIV velocity vector fields for a single 
arbitrary cycle from 300° CA to 341.4° CA ATDC, representing the crank angle range 
prior to a flame entering the 12 mm by 12 mm measurement region.  For each 
presented vector field the background colour is representative of the velocity 
magnitude, while the velocity vectors indicate the flow direction.  The bulk motion 
within the pent-roof combustion chamber was observed to pass across the spark plug 
from the intake to exhaust side of the combustion chamber with a mean velocity in the 
range of 2 m.s-1 to 3 m.s-1.  This direction of bulk motion was expected since the 
measurement location was positioned above the centre of rotation for the primary 
clockwise tumble motion generated during intake and sustained through the 
compression stroke, as shown in Figure 5.9. 
 
 
Figure 5.9 Example mean velocity vector fields highlighting the bulk flow motion on the cylinder 
bore centre line captured using 1.5 kHz PIV over a 60 mm square region. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar) 
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of 332.4° CA and 355.8° CA, highlighting the spatial resolution of the PIV data.  
Furthermore, to highlight the variability in flow structures within the combustion 
chamber  Figure 5.11 through to Figure 5.19, present velocity vector fields for a total of 
eight engine cycles.  
 
Comparison of these engine cycles highlights the temporal and spatial variation in flow 
from cycle to cycle.  The flow within the combustion chamber remains similar across all 
presented engine cycles, with a general flow across the spark plug from the intake 
towards the exhaust side of the combustion chamber.  The main difference was in the 
velocity magnitude with Cycle 1, 4, 5 and 8 having a noticeably higher velocity, ~6-
8 m.s-1, compared to the other presented cycles which more closely represent the mean 
flow of ~2-4 m.s-1.  Furthermore, Cycle 1 illustrated localised regions within the flow 
field that had significantly higher velocities of  the order 10 m.s-1.  As expected these 
differences in bulk flow structure early in the engine cycle remain through to the point 
at which the flame was observed within the measurement region i.e. in the crank angle 
period leading up to 341.4° CA ATDC.   Research completed by Pajot et al. (2000, 2001) 
demonstrated that the direction of flame convection was dependant on the direction 
and magnitude of the bulk flow velocity local to the spark plug at the time of ignition.  
The flame propagation data discussed in Chapter 4 combined with the HSPIV data 
discussed herein support their results.  Differences in this early flame convection in a 
single dominant direction will have a significant impact on the later stages of 
combustion.  Flames that are convected further from the spark plug in a single 
dominant direction by a higher mean velocity are likely to interact earlier with the 
combustion chamber walls impacting on the fresh charge entrainment area of the 
propagating flame, flame quenching at the chamber walls and heat transfer, all of 
which are known to influence combustion.  
 
It is known that while the large scale bulk motion acts to convect the flame, it is the 
small scale flow structures that locally interact with the flame front increasing the 
burning velocity and enabling combustion to take place in the limited time available.   
While the variations in bulk motion are evident within the raw velocity vector fields, 
differences in the small scale, high frequency fluctuation about this mean flow are not 
as clearly evident within the data.  It will be discussed in subsequent sections that  
filtering the raw velocity data in terms of frequency enables the variations in these 
small scale flow structures to be investigated and their impact on combustion stability 
to be understood. 
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Pent-roof Flow (332.4˚ CA ATDC) 
 
 
b) Pent-roof Flow (355.8˚ CA ATDC) 
 
Figure 5.10 Example raw velocity vector fields captured within the pent-roof combustion chamber 
a) 184˚ CA ATDC and b) 355.8˚ CA ATDC, using 1.5kHz PIV. (Engine speed 1500 rpm, intake 
manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
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Cycle 1: Pent-roof Flow (305.4° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.11 Time sequence of HSPIV velocity vector fields for a single cycle 
from 305.4° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 1: Pent-roof Flow (321.6° CA to 341.4° CA ATDC) 
 
 
 
  
Figure 5.12 Time sequence of HSPIV velocity vector fields for a single cycle 
from 321.6° CA to 341.4° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
  
321.6˚ CA 323.4˚ CA 325.2˚ CA
327.0˚ CA 328.8˚ CA 330.6˚ CA
332.4˚ CA 334.2˚ CA 336.0˚ CA
337.8˚ CA 339.6˚ CA 341.4˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 2: Pent-roof Flow (300.0° CA to 319.8° CA ATDC)
 
 
 
 
Figure 5.13 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 3: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.14 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 4: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.15 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 5: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.16 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 6: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.17 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
 
 
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
   0          3          6          9           12          15 
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Cycle 7: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.18 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
 
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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Cycle 8: Pent-roof Flow (300.0° CA to 319.8° CA ATDC) 
 
 
 
 
Figure 5.19 Time sequence of HSPIV velocity vector fields for a single cycle 
from 300.0° CA to 319.8° CA ATDC. (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
  
300.0˚ CA 301.8˚ CA 303.6˚ CA
305.4˚ CA 307.2˚ CA 309.0˚ CA
310.8˚ CA 312.6˚ CA 314.4˚ CA
316.2˚ CA 318.0˚ CA 319.8˚ CA
Velocity Mag. (m.s-1) 
0          3          6          9           12          15 
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The mean velocity components, calculated on a spatial and temporal basis using the 
velocity vector fields captured within the pent-roof combustion chamber, are 
presented in Figure 5.20.  A dominant cross flow from the intake to exhaust sides of the 
chamber was evident with a mean velocity of 2.0 m.s-1 at 300° CA, increasing to 
approximately 3.0 m.s-1 at 327° CA ATDC.  Results of flame image analysis discussed in 
Chapter 4, demonstrated that the local and global flame growth speeds increased from 
approximately 3 to 4 m.s-1 immediately following spark ignition to a peak of 
approximately 10 m.s-1.  Furthermore, the flame was shown to initially be convected 
towards the exhaust side of the combustion chamber.  Comparison of the flame image 
analysis and the PIV data indicates that initially the flame was convected away from the 
spark plug at a speed and direction in accordance with the mean flow.  However, the 
peak flame growth speed, approximately 10 m.s-1, was significantly higher indicating 
that it was the interaction of the flame with the small scale turbulent flow structures 
present within the combustion chamber.  The presented flow field data highlights 
several small scale vortices of the order 2-3 mm in diameter, interacting with the mean 
flow, which act to locally stretch and wrinkle the flame front increasing the burning 
velocity of the flame.   
  
 
Figure 5.20 Mean velocity components vs. crank angle. (Engine speed 1500 rpm, intake manifold 
pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1, 100 cycle mean) 
 
 
To quantify this development in small scale flow structures through the cycle, RMS 
turbulence (u’) has been calculated using the HSPIV results on both a temporal and 
spatial basis in terms of a root mean square (RMS) velocity.  A comparison of the mean 
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spatial and temporal RMS turbulence over the sampled crank angle range is presented 
in Figure 5.21.  The magnitude in temporal RMS turbulence was calculated at each 
location (x,y) in the HSPIV vector field by applying Equation (5.5).  A temporal period 
of 7 HSPIV frames, equivalent to a 1.4 ms time period and an eddy size of 4.2 mm, was 
used in the calculation.  This was compared with a mean RMS spatial turbulence, 
calculated using Equation (5.6), using a spatial window 13 by 13 velocity vectors, 
equivalent to 4.88 mm by 4.88 mm in the image region.  To quantify the change in 
turbulence over the sample period a single spatial and temporal RMS value was then 
obtained for each frame by calculating a mean over each individual vector field.  A 
mean for each individual crank angle sampled was then calculated across the complete 
100 cycle data set. 
  
 
Figure 5.21 Mean spatial and temporal RMS turbulence vs. crank angle. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1,  
100 cycle mean) 
 
 
The mean spatial RMS turbulence calculation shows an increase in magnitude from 
1.8 m.s-1 at 300° CA  to 2.2 m.s-1 at 325° CA ATDC.  A similar trend was also evident in 
the temporal calculation, with approximately a 0.15 m.s-1 increase in magnitude up to 
spark ignition occurring at 325° CA ATDC, compared to the spatial calculation.  
However, following spark discharge, 334° CA ATDC, 1 ms after ignition timing, 
differences between the two calculations are apparent, which was attributed to the 
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presence of the flame occurring within the HSPIV image area.  It is known that the 
earliest time at which a flame occurs within the HSPIV image region was 341.4° CA 
ATDC.  This was shown in the spatial calculation by a significant reduction in 
turbulence after this point.  For the temporal calculation the point at which the flame 
begins to affect the calculation was dependent on the time period over which 
turbulence was calculated.  For example, the flame will begin to affect the calculation 3 
HSPIV frame, equivalent to 5.4° CA, earlier for a turbulence calculation over 7 HSPIV 
frames.  Considering the similarity between spatial and temporal turbulence 
calculation, only the temporal turbulence is discussed in the remaining sections of this 
chapter. 
 
It has been established, from work carried out on flame propagation, for example by 
Bradley et al. (2003) and Gillespie et al. (2000), that there is a strong link between 
turbulence and flame propagation rate.  Therefore, using the complete HSPIV data set, 
the RMS turbulence field, u’, was calculated over the period spanning between 300° 
ATDC and 341.4° ATDC, the latter corresponding to the earliest crank angle at which 
the flame appears in the HSPIV measurement region.  For each cycle the spatially 
averaged u’ field calculated from the full temporal range was compared to the resulting 
IMEP, as shown in Figure 5.22.  A total of 100 cycles of data was acquired and analysed 
in this manner. 
 
 
Figure 5.22 The variation of IMEP with u' calculated from 300˚ CA to 341.4˚ CA ATDC. (Engine speed 
1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA,  
single injection SOI = 80˚ CA, λ=1, 100 cycle mean) 
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The results from the comparison between u' and IMEP displays no correlation.  This 
demonstrates that using a total measurement of turbulence, calculated over this 
relatively long duration, provides little information on the flame’s response to the flow 
field.  This lack of correlation is considered to be due to two factors:  
 
1. The large scale bulk flow varies throughout the cycle, as well as from cycle to 
cycle.  This variation has considerable impact upon the calculation of 
turbulence, but has little impact upon the actual rate at which the flame 
propagates. 
2. Taking a large temporal window over which u' was calculated results in a poor 
estimation of the flow properties present at the time of ignition and the 
turbulent flow through which the flame will propagate.   
 
It was necessary therefore to filter the data in terms of both frequency and time 
duration in order to determine the scales of turbulence that are having greatest impact 
on burn rate.  Due to the high temporal and spatial resolution of the data recorded 
using HSPIV, it was possible to filter data with respect to frequency of velocity 
variation and hence scale of turbulent structures.  As discussed in Section 5.2, the 
HSPIV velocity data was filtered on a temporal basis, decomposing the velocity field 
into low and high frequency components through the use of a low pass filter 
(Equation 5.1).  Figure 5.23 provides an example of the filtering process at a single 
location (x, y) within the HSPIV vector field over the captured crank angle period. 
 
 
Figure 5.23 Example of filtering process for an arbitrary point in the HSPIV vector field. (Engine 
speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA,  
single injection SOI = 80˚ CA, λ=1) 
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In discussing the advantages of this decomposition technique, it is first necessary to 
consider the limitations of Reynolds decomposition, with regards to IC engine flow 
field analysis.  Reynolds decomposition decomposes the flow into an ensemble average 
and fluctuating velocity component.  The ensemble average velocity is defined as the 
average of values calculated at a specific crank angle within the engine cycle.  It is 
therefore only a function of crank angle, having averaged out the cycle-to-cycle 
variation.  As a result the variations in the low frequency bulk motion, which are 
known to exist within IC engines are not properly accounted for within the ensemble 
average.  This inevitably impacts upon the calculation of the fluctuating velocity 
component, from which turbulence parameters are derived.  Decomposing the flow 
into its low frequency bulk motion and high frequency turbulent velocity fluctuation 
effectively accounts for the cycle-to-cycle variation within the low frequency 
component.  The high frequency component is therefore a true fluctuating velocity 
about the cycle specific mean, providing a more accurate representation of the 
turbulence within the engine.  Decomposing the flow into its low and high frequency 
velocity components requires the selection of a suitable cut-off frequency.  A number of 
research groups have implemented similar velocity decomposition techniques 
including Kang et al. (1998), Reuss (2000), St. Hill et al. (2000) Towers and Towers, 
(2004), Jarvis et al. (2006) applying cut-off frequencies in the range of 200 Hz to 
400 Hz.  However, selection of this cut-off frequency is often arbitrary and has typically 
been selected based on the size of flow structures expected to occur within the bulk 
motion.   
 
The following section discusses an alternative approach to the selection of a cut-off 
frequency.  This approach has been to first calculate the RMS turbulence based on the 
high frequency velocity component using Equation (5.5), for a range of cut-off 
frequencies.  The calculated high frequency RMS turbulence was then compared with 
the IMEP produced for each engine cycle and a correlation coefficient determined.  This 
correlation coefficient was quantified using Pearson’s product momentum equation, 
defined previously in Chapter 4.  This methodology therefore investigates the link 
between specific scales of turbulent flow structure and IC engine performance.  
Furthermore, based on the results of this analysis a suitable cut-off frequency can be 
selected which has direct relevance to the flow structures that impact on combustion 
stability.  The results of this analysis are presented in Figure 5.24, highlighting a 
variation in the degree of correlation between u'HF and IMEP for the range of filter 
frequencies analysed. 
  
Figure 5.24 The variation in correlation coefficient between IMEP and u'
frequencies. (Engine speed 1500
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Having established that it was frequencies of motion above 600 Hz that are influencing 
the rate of combustion, it was necessary to determine the time period over which to 
calculate turbulence.  To establish the optimum time period, the HSPIV velocity field 
data was analysed for a series of temporal widths ranging from 3 to 11 HSPIV frames, 
equivalent to 0.2 ms to 2.2 ms.  This was equivalent to a variation in eddy size from 1.8 
mm to 6.6 mm, calculated using Taylor’s Hypothesis with a mean velocity of 3 m.s-1.  
Figure 5.25 presents the variation in correlation coefficient through the cycle, for the 
range of temporal widths analysed. 
 
 
Figure 5.25 The effect of temporal width on correlation coefficient  
(Cut-Off Frequency = 600 Hz). (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, 
ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
 
 
Results highlight that on average there was only a magnitude of R=0.05 increase in 
correlation coefficient between temporal widths of 3 and 11 across the captured crank 
angle range.  Considering this limited difference in magnitude of correlation coefficient 
a temporal width of 7 HSPIV frames, equivalent to 1.4 ms and an eddy size of 4.2 mm, 
was selected to retain the scales of turbulent flow structures present within the flow 
without the additional smoothing of the data caused by taking a large temporal width.  
This analysis also showed a significant increase in correlation coefficient as IMEP was 
correlated with high frequency turbulence present in the combustion chamber later in 
the cycle.  This indicates that the turbulent structures relevant to combustion are those 
that the flame actually encounters as it propagates through the reactants.  Therefore, 
only the high frequency turbulent structures present in the flow immediately before 
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combustion that are of direct significance.  Taking flow field information from early in 
the cycle distorts the turbulence calculation by including structures which the flame 
never encounters.  As a consequence of this, u'HF has been calculated just before 
combustion and over the minimum length of time that preserves all of the influential 
frequencies.  Figure 5.26 displays the relationship between u'HF and IMEP for a cut-off 
frequency of 600 Hz, over time period of 1.4 ms before combustion.  Figure 5.27 
displays the relationship between u'HF and the time for 10% MFB for the same settings.  
The superposed solid line through the data points is representative of the calculated 
line of best fit, while the dotted lines highlight the upper and lower trend lines for the 
presented data points. 
 
 
Figure 5.26 u'HF (600Hz) in relation to indicated mean effective pressure (IMEP). 
 (Engine speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA, 
 single injection SOI = 80˚ CA, λ=1) 
 
 
Figure 5.27 u' HF (600Hz) in relation to 10% mass fraction burn duration.  
(Engine speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single 
injection SOI = 80˚ CA, λ=1) 
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The high frequency turbulence demonstrated significant improvement in the 
correlation for both IMEP and MFB, with correlation coefficients of R = 0.41 and  
R = -0.53 respectively.  No correlation was evident between the low frequency 
turbulence and engine performance parameter, indicating that it is the small scale, high 
frequency structures that truly affect burn rate and the subsequent engine 
performance.  Interestingly the variation in IMEP was observed to reduce with 
increasing turbulence, highlighted by the dotted trend lines added to Figure 5.26.  It 
was therefore shown that increasing the levels of high frequency turbulence at the time 
of ignition not only reduces the time to 10% MFB leading to an increase in IMEP, but 
maintaining a high turbulence will lead to a reduction in the combustion variability.   
 
A study completed by Laget et al. (2010) has since used the correlations presented in 
Figure 5.26 and Figure 5.27 between turbulence, IMEP and MFB respectively, to 
validate results obtained from computational modelling.  The gradient of the best fit 
lines calculated from experimental data were used to extrapolate the data over a wider 
range of turbulence, from u’ = 1 m.s-1 to u’ = 9 m.s-1.  The computational results 
investigating the link between IMEP and u’  were shown to have a high degree of 
correlation with the extrapolated experimental data.  Computational results 
investigating the link between 10% MFB and u’ demonstrated that as u’ increased the 
time to 10% MFB decreased asymptotically over the larger turbulence range.  Although 
a larger gradient was evident in the computational results over comparable u’ range to 
the experimental data, a similar trend was evident at the higher u’ magnitudes. 
 
As previously discussed, Figure 5.8 demonstrated a high degree of correspondence 
between early, 10% MFB, and global, 90% MFB, consumption rate.  This relationship 
indicated that combustion events that start with a high burn rate maintain this 
advantage throughout the cycle.  Correlating time to 90% MFB with the high frequency 
turbulence calculated at the time of ignition supports this statement, Figure 5.28, with 
a calculated correlation coefficient of R = -0.42.  While a correlation remains evident 
between the early flow conditions and the time to 90% MFB, there was an increase in 
the scatter within the data.  This was expected considering the number of factors that 
are affecting the flame during the later stages of combustion. 
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Figure 5.28 u' HF (600Hz) in relation to 90% mass fraction burn duration.  
(Engine speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single 
injection SOI = 80˚ CA, λ=1) 
 
 
Considering that IMEP and MFB rates are derived from the cylinder pressure data, it 
was necessary to investigate the link between the high frequency turbulence and the 
raw data from which the combustion parameters are derived.  A correlation of R = 0.50, 
is presented in Figure 5.29 between peak cylinder pressure and high frequency 
turbulence . 
 
 
Figure 5.29 u'HF (600Hz) in relation to peak cylinder pressure.  
(Engine speed 1500 rpm, intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single 
injection SOI = 80˚ CA, λ=1) 
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Despite the improvement in correlation for u'HF, there was still significant scatter 
present in the data.  As discussed in the review paper by Ozdor et al. (1991), a number 
of factors contribute to cyclic variability in IC engines influencing IMEP, such as air-fuel 
ratio, ignition energy, and spark timing.  Investigations into cyclic variability in fuel 
spray and air/fuel ratio have been carried out by University College London (UCL) and 
Oxford University respectively.  Serras-Pierra et al. (2007) at UCL highlighted 
variations in spray area of up to 15% under motored conditions.  Likewise, research 
carried out by Williams et al. (2008) at Oxford University using Quantitative Planar 
Laser Induced Fluorescence (QPLIF), has demonstrated a spatial variation in fuel 
distribution of up to 10% at the time of ignition.  It was believed that accounting for 
these additional variations could reduce the level of scatter found within the 
correlation, clarifying the relationship between u’HF and IMEP. 
 
 
5.4.3 Flow Field Structures ahead of the Propagating Flame 
 
 Reducing cyclic variability in engine combustion is recognised as a key target area for 
internal combustion (IC) engine development. As discussed in the introduction, 
variation in the flow field present at the time and location of ignition is of considerable 
interest for cyclic variability investigations.  Velocity variations local to the spark plug 
are known to contribute significantly to variations in the initial flame motion as it 
develops from the kernel established by the spark.  In the early stages of combustion 
variations in the mean velocity convect the flame at different velocities and in different 
directions.  In addition, variations in the turbulent velocity fluctuations near the spark 
plug will affect the rate at which the kernel and the combustion stability during the 
initial stages of flame propagation.  Therefore, this interaction between flow structures 
present within the combustion chamber and the propagating flame front has a 
significant effect on burn rate and engine performance. 
 
As discussed in the Section 5.2 of this chapter, HSPIV data was captured from 300° CA 
to 372° CA ATDC.  This time period, spanning spark ignition (325° CA ATDC), enables 
the flow development up to and preceding spark discharge to be investigated.  
Following spark discharge the flame propagates through the cylinder, consuming the 
flow tracer particles required for HSPIV measurements.  Since tracer particles remain 
in the unburned region, flow field structures ahead of the flame can be investigated.    
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Figure 5.30 to Figure 5.33 present HSPIV velocity vector fields for the same eight cycles 
presented earlier, illustrating the flow field development following spark discharge.   
 
The presented cycles illustrate the flame interaction with the flow field structures 
within the combustion chamber.  The flame kernel was initially observed to be 
convected away from the spark plug electrode in the direction of the bulk flow motion, 
towards the exhaust side of the combustion chamber.  As the flame continues to 
propagate through the reactants, the regions of the flame interacting with higher flow 
velocity are observed to be convected by greater distances compared to the lower 
velocity regions.  This was particularly evident in Cycles 5 and 7, where the flame was 
observed to faithfully follow the large scale clockwise flow rotation present within the 
combustion chamber, before expanding into the regions of lower flow velocity.  In 
contrast to this, Cycle 2 exhibits a less dominant cross flow through the combustion 
chamber, resulting in a flame propagation that was more central to the spark electrode. 
The velocity vector fields following spark ignition highlight a mutual dependence 
between the flow structures and the propagating flame.  As the flame propagates 
through the reactants it was observed to locally interact with the turbulent flow 
structures, leading to flame edge wrinkling.  Furthermore, the expansion of the flame 
into the reactants was in some instances observed to result in the flow aligning itself at 
a tangent to the direction of flame growth.   However, this change in flow field structure 
ahead of the propagating flame was likely to be a result of a number of contributing 
factors, including: 
 
1) Local interaction between the propagating flame and in-cylinder flow 
structures; 
2) Temperature and pressure change within the cylinder due to combustion of the 
reactants; and 
3) Pressure change due to the piston movement towards BDC, increasing the 
cylinder volume. 
 
 
The flame-flow interactions shown in the sets of PIV vector fields demonstrate the local 
interaction of the propagating flame with the range of flow structures present within 
the cylinder at the time of spark discharge.  As previously discussed, the flame was 
observed to be convected in the direction of the bulk motion.  In addition to this flow 
field effect on the flame, the converse was also evident with the flame locally 
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influencing the flow at the flame front edge.  This was particularly evident in Cycles 2, 4 
and 6, where the flame was observed to be pushing the reactants ahead of the flame 
and slowly consuming the mixture behind the flame front.  Furthermore, at crank 
angles greater than 352.2˚ the flow velocity at regions along the leading edge of the 
flame was observed to increase, as the flame continues to propagate through the 
reactants.  Cycles 4 and 6, also exhibit similar flow behaviour along the flame edge with 
localised regions along the flame edge having a significantly higher velocity compared 
to the mean flow.  This was particularly evident in the velocity vector fields of Cycles 4 
and 6 from 357.6˚ CA onwards. 
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Cycle 1
 
Cycle 2 
 
Figure 5.30 Time sequence of HSPIV vector fields for two arbitrary cycles. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
Vel Mag 
(m.s-1) 
Vel Mag 
(m.s-1) 
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Cycle 3 
 
Cycle 4 
 
Figure 5.31 Time sequence of HSPIV vector fields for two arbitrary cycles. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
Vel Mag 
(m.s-1) 
Vel Mag 
(m.s-1) 
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Cycle 5 
 
Cycle 6 
 
Figure 5.32 Time sequence of HSPIV vector fields for two arbitrary cycles. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
Vel Mag 
(m.s-1) 
Vel Mag 
(m.s-1) 
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Cycle 7 
 
Cycle 8 
 
Figure 5.33 Time sequence of HSPIV vector fields for two arbitrary cycles. (Engine speed 1500 rpm, 
intake manifold pressure 0.525 bar, ignition timing 325˚ CA, single injection SOI = 80˚ CA, λ=1) 
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA
343.2˚ CA 345.0˚ CA 346.8˚ CA
348.6˚ CA 350.4˚ CA 352.2˚ CA
354.0˚ CA 355.8˚ CA 357.6˚ CA
Vel Mag 
(m.s-1) 
Vel Mag 
(m.s-1) 
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5.5 Concluding Remarks 
 
This chapter has demonstrated the application of a high speed particle image 
velocimetry (HSPIV) system to the measurement of flow field structures within the 
pent-roof combustion chamber of a fired DISI engine.  Example velocity vector fields 
spanning spark ignition have been provided at a temporal resolution of 1.8 CAD, 
operating at an engine speed of 1500 rpm.   
 
Frequency filtering of the raw PIV vector fields was completed using a 1-dimensional 
fast Fourier transform (FFT) at each vector location of the PIV velocity vector field for 
each captured engine cycle.  This analysis routine enabled the flow field to be 
decomposed into its low frequency bulk motion and high frequency turbulence 
components.  Correlation analysis between high frequency turbulence and engine 
performance parameters has provided further insight into the scales of flow structure 
that have greatest influence on the combustion event for that particular engine cycle.  
Based on the results of this frequency analysis, the following conclusions can be drawn: 
 
 
1. The well understood relation between engine output and the rate of charge 
consumption has been supported. Strong correlations were evident 
between IMEP and time to 90% MFB (R = -081) and 10% MFB (R = -0.71). 
 
2. The rate of charge consumption early on in the cycle provides a good 
indication of the total consumption rate, highlighted by the strong positive 
correlation between time to 10% MFB and time to 90% MFB (R = 0.81). 
This was due to either the conditions present at ignition dominating the 
total combustion event or that these conditions are perpetuated throughout 
the remainder of the cycle. 
 
3. No correlation between total turbulence, calculated over a crank angle 
range from 300˚ CA to 341.4˚ CA, and engine output (IMEP) was identified.  
However, a correlation between the high frequency component of 
turbulence and IMEP was found to exist. 
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4. Removing frequencies of motion below 240 Hz was found to extract the 
variation in the flow associated with bulk motion, giving the greatest level 
of correlation between u'HF and IMEP . 
 
5. Continuing to remove frequencies up to 600 Hz had little effect on the 
correlation demonstrating that these scales of motion have little impact 
upon charge consumption. 
 
6. Removing frequencies above the level of 600 Hz reduced the dependence of 
IMEP on u'HF, indicating that these scales influenced the combustion event. 
 
 
This chapter has shown that it is specific scales of turbulent flow structure that have 
greatest influence on flame propagation and combustion within a DISI engine.  The 
potential to control or modify the flow for the purpose of generating the influential 
scales of turbulence is of particular importance to IC engine development.  Chapter 6 
investigates the possibility of utilising the high pressure fuel injection event to modify 
the in-cylinder flow structures. 
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Chapter 6.  
The Influence of Fuel Injection 
Scheduling on  Flow and 
Combustion 
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6.1 Introduction 
 
The previous chapter discussed the influence specific scales of turbulent flow structure 
had on DISI engine performance.  It was concluded that it was the frequencies of fluid 
motion greater than 600 Hz that have greatest influence on IC engine burn rate.  
Furthermore, it was shown that it was the flow structures present locally to the spark 
plug at the time of ignition that are of most importance to the subsequent combustion 
event, as it was these flow structures through which the flame initially propagates.  
Consequently, the ability to influence and ultimately control the flow field structures 
present at the time of ignition is of particular importance to the optimisation of IC 
engines. 
Control of in-cylinder air motion has been the focus of considerable research, focussing 
primarily on understanding and reducing cycle-to-cycle variation.  Li et al. (2004) used 
PIV to characterise the development of large and small scale flow structures within a 
motored high-tumble SI engine by partially shrouding the intake valve.  Fischer et al. 
(2004) and Kapitza et al. (2010) used adjustable flaps mounted within the intake 
runner to investigate the effect of tumble and swirl on the development of flow field 
structures within the cylinder.  Furthermore, experimental and numerical studies 
completed by Stanglmaier et al. (1996) ),  Han et al. (1997), Davy et al. (1998), Suh and 
Rutland, (1999), Noh et al. (2003) and Alger et al. (2005) demonstrated the potential 
for using an auxiliary gas injection to influence turbulence at TDC.  A more detailed 
discussion of the results obtained from these studies was previously included in 
Chapter 2, Literature Survey (Section 2.3).   
 
This chapter investigates the effect the high pressure direct fuel injection event has on 
in-cylinder flow structures, within a homogenous charge DISI engine.  Considering the 
high rail pressures, >150 bar, adopted in spray guided DISI engines, it would be 
expected for this high momentum fuel jet to modify the flow structures through which 
it is penetrating.  Understanding the interaction of this spray with the in-cylinder flow, 
combined with different injection strategies will provide further insight into how the 
fuel injection strategy process could potentially be used to influence the in-cylinder 
flow.   
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6.2 Experimental Configuration 
 
6.2.1 Single and Multiple Injection Strategies 
 
The research discussed in this chapter had two main aims:  Firstly, to determine 
whether the injection event impacted upon the bulk flow structures that are formed 
during intake. Secondly, to establish whether the flow structures at the time of spark 
ignition could be modified through the process of varying the injection timing, for the 
purpose of  enhancing the rate of combustion.  The first aim was achieved through the 
application of 1.5 kHz PIV to quantify the flow field during intake and compression, for 
non-injected and injected engine operation.  For these experiments the standard 
injection strategy was adopted, consisting of a single injection pulse occurring at 80˚ CA 
ATDC with a duration of 0.98 ms, at a rail pressure of 150 bar.  These being the injector 
operating conditions to achieve stoichiometric combustion at an engine speed of 
1500 rpm and intake manifold pressure of 0.5 bar.  A single injection strategy was 
however, unsuitable for the purpose of achieving the second aim of establishing 
whether changing the timing of the injection event could be used to influence in-
cylinder flow and combustion.  Flame imaging results presented in Chapter 4, 
demonstrated noticeable differences in flame growth structure and engine 
performance as the single injection timing was retarded towards ignition timing.  It 
was discussed that this difference was likely to be a result of incomplete mixing for the 
late injection timings.  This conclusion was supported by quantitative PLIF  
experiments completed by Williams et al. (2008) using an engine of identical flow 
geometry.  Their results demonstrated that while a homogenous mixture was formed 
by the time of ignition for an injection timing occurring at 80˚ CA, a measureable 
difference in AFR distribution across the combustion chamber was reported for later 
injection timings.  It was necessary to device an alternative injection strategy to enable 
the influence of injection timing on in-cylinder flow to be investigated, while 
attempting to reduce the impact on spatial variations in AFR.  To achieve this a series of 
double injection strategies were devised and tested.   The experiments consisted of a 
fixed first injection timing occurring at 80˚ CA, and a timing sweep completed on a 
second injection pulse occurring at 120˚, 160˚, 200˚ and 240˚ and 280˚ CA ATDC intake.  
The injection durations were split such that the 2/3 of the total injection duration 
occurred on the first trigger and 1/3 on the second, as illustrated in Figure 6.1.   
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Injection Timings (a) (b) (c) (d) (e) 
First Pulse (CA) 80 80 80 80 80 
Second Pulse (CA) 120 160 200 240 280 
Designation 80/120 80/160 80/200 80/240 80/280 
 
Figure 6.1 Timing diagram indicating fuel injection timings relative to ignition  
(double injection experiments) 
 
 
The timing and duration of the first injection was selected to occur at the standard 
timing of 80˚ CA as this minimised fuel impingement on the surface of the piston crown, 
while providing sufficient time for mixing to take place through the remaining period 
of the engine cycle.  The duration of the second injection event was selected to be long 
enough for the mass-momentum of the injected spray to influence the flow structures, 
while being of short enough duration to increase the prospect of complete mixing to 
occur.  For all experiments the engine speed, 1500 rpm, intake manifold pressure, 
0.5 bar, and ignition timing, 325˚ CA ATDC, remained constant throughout the 
experiments.  Interestingly, unlike the single injection timing sweep discussed in 
Chapter 4, it was possible to operate the engine, without misfire, up to the late injection 
strategy of 80/240, with misfires only occurring at the final test of 80/280.   
 
Ignition timing 325˚ CA 
TDC - INTAKE 
  
Fixed first injection  
Timing (80˚ CA) Second injection  
timing sweep – 
misfires occurring 
at 280˚ CA 
(a) 
(b) (c) 
(d) 
(e) 
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6.2.2 Velocity Field Measurement 
 
The primary aim of the research discussed in this chapter was to investigate the effect 
the fuel injection event has on the in-cylinder flow field.  This was achieved through the 
use of a particle image velocimetry (PIV) system to quantify the flow field development 
through the engine cycle, and to investigate the effect of fuel injection on this flow.  
During this investigation two experimental configurations were adopted: 
 
1) Large area (60 mm by 60 mm), 1.5 kHz PIV 
The aim of this series of experiments was to obtain a global understanding of 
the flow field development within the cylinder and to understand the effect the 
single injection pulse has on in-cylinder flow.  A large measurement area of 
60 mm by 60 mm was selected, as it would enable the development of the large 
scale bulk flow to be quantified within the cylinder.  This measurement area 
required the camera to be operated at its full pixel resolution of 1024 by 
1024 pixels.  This camera resolution, limited the frame rate to 3 kHz, and 
consequently a PIV frequency of 1.5 kHz.  For the engine operating speed of 
1500 rpm, this provided a temporal resolution of 6˚ CA between successive 
velocity vector fields.   Particle image pairs were captured from 100° CA to 
316° CA, providing 37 velocity vector fields per engine cycle for the non-
injected operation.  Whereas, for the injected case image pairs were captured 
over a 138° CA from 184° CA to 324° CA ATDC, providing 24 velocity vector 
fields per engine cycle.  The measurement area was located on the tumble plane 
of the cylinder bore centreline with the top of the measurement region 10 mm 
below the cylinder head requiring the use of the full length optical cylinder 
liner, as illustrated in Figure 6.2.   
 
2) Small area (10 mm by 10 mm), 1.5 kHz PIV 
The aim of this series of experiments was to determine the effect the fuel 
injection timing had on flow field structures and combustion, while minimising 
the potential effect of variations in AFR distribution.  The injection strategies 
adopted to achieve this were previously discussed in the Section 6.2 of this 
chapter.  To compare these injection strategies it was necessary to quantify the 
flow field structures over a relatively large time period, to include all second 
injection events.  Velocity field measurements were therefore captured at a PIV 
frequency of 1.5 kHz, over the crank angle range from 100° to 328° CA, 
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providing 39 velocity vector fields per engine cycle.  In comparison to the 
previously discussed setup, the measurement area was located on the tumble 
plane within the pent-roof combustion chamber, over a reduced area of 10 mm 
by 10 mm.   As discussed in Chapter 5, the flow field structures present locally 
to the spark plug at the time of ignition were identified as having significant 
impact on flame propagation and overall engine performance.  Consequently, 
the PIV measurement region was located within the pent-roof combustion 
chamber, such that the spark plug was aligned with the top edge of the 
measurement region.  This was achieved using a Nikon 105 mm lens operating 
at an aperture number of F8, two 31 mm extension rings and a tele-convertor 
doubling the total focal length of the lens configuration.  This optical 
configuration was driven by the available space around the Jaguar engine, 
requiring the camera to image through the pent-roof window via. a 45˚ mirror. 
 
 
Figure 6.2 Schematic of the Jaguar engine, detailing the location of the two PIV 
measurement areas on the tumble plane of the cylinder bore centre line 
 
 
For both experimental configurations, the captured particle images were processed 
using the commercially available software package, Insight3G™.  Particle images were 
cross-correlated using a fast Fourier transform (FFT) based multi-pass algorithm with 
decreasing interrogation region size: 64 by 64 pixels to 32 by 32 pixels, with a 50% 
Cylinder axis
Intake 
Flow
PIV measurement 
area (60mm by 
60mm)
PIV measurement 
area (10mm by 
10mm)
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overlap.  The recursive processing was applied to increase the spatial resolution of the 
velocity fields.  The final 32 pixel by 32 pixel interrogation region size corresponding to 
a spatial resolution of 1.88 mm for the large area PIV and 0.31 mm for the small area 
PIV.  However, since a 50% overlap of the interrogation region size was used, a vector 
was available on a grid half that size.  A standard deviation filter of size 5 by 5 matrix 
points was applied to the instantaneous velocity vector fields, removing spurious 
vectors greater than twice the standard deviation calculated over that defined region.   
Spurious vectors were replaced by the average value calculated over the same size 
region of 5 by 5 matrix points.   
 
As previously highlighted, one of the advantages of the PIV measurement technique, is 
the ability to simultaneous capture spatial and temporal variations in the flow.  
Capturing data over a planar region enables flow field derivatives, e.g. strain and shear 
rates, to be quantified, which are not readily available through single point 
measurement techniques such as LDV.  It is understood that these gradient based 
quantities are responsible for the energy transfer down to the smallest scales in the 
energy cascade.  To investigate the effect of injection scheduling on in-cylinder flow, a 
series of experiments were devised, which incrementally retarded the timing of the 
second fuel injection pulse.  Consequently, it was necessary for velocity field data to be 
captured over the full injection timing range to allow for a complete comparison 
between the different strategies to be made.  This required that the PIV system be 
operated at 1.5 kHz, increasing the time period over which data could be captured, but 
reducing the temporal resolution of the data.  However, as discussed in the 
Experimental Configuration section, the combination of increased camera resolution at 
this PIV frequency and small measurement region size resulted in a high spatial 
resolution.  The following sections therefore define the spatial velocity field derivatives 
used to investigate the effect fuel injection timing has on in-cylinder flow. 
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6.3 Post Processing and Data Analysis 
 
6.3.1 Velocity Field Decomposition 
 
To spatially decompose the raw velocity field according to specific scales of flow 
structure, the local mean velocity (LMV) decomposition technique, introduced in the 
Literature Survey, Chapter 2, was utilised.  This decomposition technique requires for a 
moving average, or local mean, to be calculated over a defined interrogation region 
within the raw velocity field.  The fluctuating velocity component was then determined 
by subtracting this local mean velocity, ULMV, from the instantaneous velocity 
component, U, located at the centre of the interrogation region.  The size of the 
interrogation region over which the LMV was calculated is referred to as the length 
scale, ∆, therefore varying the size of the region over which the LMV was calculated will 
vary the amount of energy contained within the mean field and provide insight into the 
turbulent scales present within the flow: 
 
U = ULMV + uLMV 
 
U  = the total velocity component 
ULMV  = the LMV calculated on a certain length scale 
uLMV  = the fluctuating velocity component 
 
 
The LMV decomposition process is illustrated in Figure 6.3 for a 9 by 9 velocity vector 
field and an interrogation region with a length scale equivalent to 3 velocity vectors.  
The raw velocity matrix was first zero-padded to form a border of size greater than or 
equal to half the selected length scale, e.g. for a 3x3 interrogation region a 1 cell border 
was formed, for a 5x5 region a 2 cell border and 7x7 region a 3 cell border was 
required etc..  This process enables the LMV interrogation region to be centred about 
the vector of interest and for the entire velocity vector field to be accounted for in the 
analysis.  The average velocity over this region was then calculated, ensuring that the 
zero-padded region was discounted from the mean calculation.  This LMV value was 
then subtracted from the centre  velocity component to leave the fluctuating velocity.  
This process was then repeated for each velocity vector within the PIV field.  
 
Eqn. (6.1) 
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Figure 6.3 Visual representation of the LMV decomposition technique 
 
 
For the analysis discussed in this chapter, the size of the interrogation region, over 
which the LMV was calculated, varied from 0.48 mm (equivalent to 3 velocity vectors) 
through to 4.29 mm (27 velocity vectors) in increments of 0.63 mm (4 velocity 
vectors).  For clarity the relationship between the number of vectors used in the LMV 
calculation and its equivalent size in the spatial domain is presented in Table 6.1, and 
referred to as the filter size through the remaining sections of this chapter. 
 
 
Table 6.1 Relationship between No. velocity vectors and size in the spatial domain 
 
 No. velocity 
vectors 
LMV interrogation 
region size (mm) 
LMV3 3 0.48 
LMV7 7 1.11 
LMV11 11 1.75 
LMV15 15 2.38 
LMV19 19 3.02 
LMV23 23 3.65 
LMV27 27 4.29 
 
  
Region over which 
the LMV is calculated  
(outlined in red) and 
subtracted from 
centre value 
(indicated by black 
dot) 
Zero-padded border 
of at least  half the size 
of the LMV region 
(grey shaded cells) 
Length Scale (∆) 
∆ 
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6.3.2 Velocity Field Derivatives 
 
6.3.2.1 Spatial RMS Turbulence 
 
The spatial turbulence was calculated as a root mean square (RMS) velocity fluctuation 
over a defined interrogation region, which was window shifted through the entire 
fluctuating velocity vector field.  The fluctuating velocity (uLMV) was determined 
through the application of the LMV decomposition technique to the total raw velocity 
vector field discussed previously in the Velocity Field Decomposition section of this 
chapter. 
 
∑ ∑
= =
θ
=
m
1x
m
1y
2
LMV2 y)i,x,,(
u
m
1
u'  
  
 u’  = RMS turbulence  
 uLMV  = fluctuating velocity component (LMV decomposition) 
 m  = No. of matrix points along x and y axis in vector field 
 
 
6.3.2.2 Strain (e11, e22)and Shear Rates (e12) 
 
Flow strain and shear have been identified as having an important role in energy 
production, dissipation and transfer through different scales of flow structure.  
Consequently, these quantities provide physical insight into the flow processes 
relevant to internal combustion engine operation, i.e. mixing and combustion.  The in-
plane strain (e11, e22) and shear (e12) were calculated from the fluctuating velocity field 
using the method described by Haste  (2000).  To aid the discussion of defining this 
flow field derivative Figure 6.4 defines the coordinate system applied to a 3 by 3 vector 
field 
 
Eqn. (6.2) 
  
 
Figure 6.4 Definition of grid notation used to calculate stain and shear rates
 
 
The local deformation rate of a fluid can be described by 
tensor for a small element of isotropic fluid, defined as:
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As a result, it was possible to 
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where δl is the interrogation region grid spacing.  
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calculating the strain rate 
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define three strain components, e11, e
e13 = e31, e23 = e32.  However, the PIV technique provides only the 
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22, e33, and six shear 
-plane strain 
 
 
Eqn. (6.3) 
Eqn. (6.4) 
Eqn. (6.5) 
Eqn. (6.6) 
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6.4 Results and Discussion 
 
As detailed in Section 6.2, Experimental Configuration, the research discussed in this 
chapter had two main aims: 
 
1) To determine whether the process of directly injecting fuel into the cylinder 
modified the formation of bulk flow structures, 
2) To establish whether the high pressure fuel injection event could be used to 
modify flow structures present at the time of spark ignition. 
 
To quantify the effect of the fuel injection process has on the formation of bulk flow 
structures, velocity field data was captured over a 60 mm square measurement region 
located on the tumble plane of the cylinder bore centre line using 1.5 kHz PIV.  Data 
was acquired over a crank angle range from 100° CA to 316° CA, under motored engine 
operation with and without fuel injection.  The location of the PIV measurement region 
within the cylinder is illustrated in Figure 6.5, including details of the sign convention 
used to interpret the horizontal and vertical velocity components, Ux and Uy 
respectively. 
 
Figure 6.5 Location of the PIV measurement region and the sign convention  
used to interpret the velocity data 
 
 
Figure 6.7, Figure 6.7 and Figure 6.8, present a sequences of raw velocity vector fields 
from a single arbitrary cycle over the crank angle range 100˚ CA to 160˚ CA, 166˚ CA 
through to 226˚ CA and 232˚ CA to 292˚ CA respectively, illustrating the flow field 
development through the intake and compression stroke.  The background colour is 
representative of the velocity magnitude and the superposed arrow corresponds to the 
velocity vector.   
Exhaust
PIV measurement 
area (60mm by 
60mm)
Intake
Ux
Uy
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Figure 6.6 Instantaneous velocity vector fields captured on the cylinder bore centre line using 
1.5kHz PIV, presented over the crank angle range from 100˚ CA to 160˚ CA.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar) 
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Figure 6.7 Instantaneous velocity vector fields captured on the cylinder bore centre line using 
1.5kHz PIV, presented over the crank angle range from 166˚ CA to 226˚ CA.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar) 
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Figure 6.8 Instantaneous velocity vector fields captured on the cylinder bore centre line using 
1.5kHz PIV, presented over the crank angle range from 232˚ CA to 292˚ CA.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar)  
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Two counter-rotating flow structures are evident within the raw velocity vector fields 
between 100˚ CA and 124˚ CA.  The first vortex was located on the exhaust side of the 
cylinder, approximately 35 mm from the cylinder head and 25 mm from the liner wall.  
The second vortex was located on the intake side of the cylinder approximately 50 mm 
below the cylinder head and 35 mm from the liner wall.  It was understood that these 
two rotating structures are formed as a result of the high velocity jet formed within the 
cylinder during intake.  Flow entering the cylinder over the intake valve annulus in the 
region closest to the liner wall was immediately directed downwards along the wall 
towards the piston crown.  In comparison, flow entering the cylinder on the opposing 
side of the valve annulus was not subject to  an immediate restriction imposed by the 
cylinder geometry.  Instead, the valve jet propagates through the cylinder at an angle 
dictated by the valve seat geometry and intake valve lift.  As this flow interacts with the 
liner wall it was again redirected downwards towards the piston crown.  These flow 
streams propagate through the cylinder with a mean velocity approximately 5 times 
greater than the mean piston speed (Sp¯  = 2LN = 4.52 m.s-1 @ 1500 rpm).   
Consequently, these flow streams are redirected towards one another, due to the 
restriction imposed by the piston.   The interaction of these two flow streams results in 
the flow being forced back towards the centre of the cylinder, forming the two 
previously mentioned counter-rotating eddies.  As the cycle progresses the location 
and size of these rotating structures was observed to change, as the intake valve flow 
momentum decreases and cylinder volume increases.  Following 130˚ CA, a single eddy 
remains within the measurement region located approximately 35 mm below the 
exhaust valve, although reduced in diameter.  The second flow structure has however 
moved with the piston, down through the cylinder and only the upper half of the eddy 
remains visible in the velocity vector fields.  This flow process was more clearly 
illustrated within the mean flow fields presented in Figure 6.9, highlighting the location 
of the eddy structures within the cylinder over the crank angle period from 100˚ CA to 
148˚ CA ATDC.  Superposed onto this mean flow are a range of turbulent eddy 
structures, which are essential to achieving the high rates of heat and mass transfer 
necessary for mixing of the intake air and injected fuel to take place prior to ignition.    
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Figure 6.9 Mean velocity vector fields captured on the cylinder bore centre line  
using 1.5kHz PIV, presented over the crank angle range from 100˚ CA to 148˚ CA.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 100 cycle mean) 
 
 
During compression a clockwise bulk flow rotation remains within the cylinder, 
persisting through to TDC.  This process results in the direction of flow from the intake 
to exhaust sides of the combustion chamber, previously discussed in Chapter 5.  From 
approximately 250˚ CA the mean flow fields presented in Figure 6.10, highlight a flow 
stream on the intake side of the cylinder travelling upwards towards the cylinder head.  
This flow results from the intake valves remaining open late into the compression 
stroke, leading to back-flow into the intake manifold.  The piston was shown to enter 
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into the measurement region from 274˚ CA.  As the piston travels towards TDC flow 
structures in the region above the piston are heavily influenced by its direction of 
movement.  As the large scale flow structures are compressed by the piston, energy is 
transferred through decreasing scales of eddy structures, in a process previously 
described as the energy cascade. 
 
 
 
 
 
              
 
Figure 6.10 Mean velocity vector fields captured on the cylinder bore centre line 
 using 1.5kHz PIV, presented over the crank angle range from 244˚ CA to 292˚ CA.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 100 cycle mean) 
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Having discussed the formation of flow within the cylinder during intake and 
compression for motored operation without fuel injection, it was necessary to consider 
the impact injecting fuel into the cylinder has on these bulk flow structures.  PIV was 
completed over the same spatial region as the non-injected case.  However, unlike the 
non-injected investigation the PIV data was captured over a crank angle period from 
178˚ CA to 322˚ CA, providing 24 instantaneous velocity vector fields per engine cycle.  
This late triggering of the PIV system being selected to avoid over exposure of the 
camera due to the scattered light from fuel droplets passing through the laser sheet.  
Considering the level of cycle-to-cycle variation known to be present within the raw 
data captured from IC engine flows, which can often mask the effects of parameter 
changes on the flow field, the following discussion focuses on comparing the mean 
velocity fields for injected and non-injected engine operation.   A comparison of these 
mean velocity fields, calculated over 100 cycles, is presented in Figure 6.12 to Figure 
6.15, over the crank angle range from 178˚ CA to 298˚ CA.  For clarity two enlarged 
velocity vector fields for the engine operation with and without fuel injection are first 
illustrated in Figure 6.11. 
 
It is evident from the mean vector fields, that by BDC a single clockwise rotating eddy 
was present within the cylinder located approximately 30 mm below the cylinder head 
on the exhaust side of the cylinder.  This single dominating flow structure remains 
evident within the injected flow field, although shifted towards the cylinder head by 
approximately 5 mm.  This highlights that the high velocity fuel spray has penetrated 
through the cylinder without significant modification to the bulk flow structures.  The 
most noticeable difference being a more uniform velocity magnitude over the 
measurement region, which leads to a slight increase in mean velocity along the intake 
side of the cylinder liner during compression for the injected case.  However, as the 
piston approaches TDC the difference in bulk flow motion has significantly reduced.   
This trend is further supported by the experimental results of Davy et al. (1998) and 
Alger et al. (2005) and the numerical results of Han et al. (1997) and Suh and Rutland 
(1999).  As discussed in the Literature Review, Section 2.3.3, the results of their 
research demonstrated that the process of injecting fuel into the cylinder increased the 
mean gas velocities in the spray region and suppressed the intake-generated tumble 
flow, for injection timings occurring during the intake stroke. 
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a) No Fuel Injection 
 
 
b) Fuel Injection 
 
Figure 6.11 Example mean velocity vector fields captured on the cylinder bore centre line 184˚ CA 
ATDC, using 1.5kHz PIV, engine operating with and without fuel injection.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA) 
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No Fuel Injection 
 
 
Figure 6.12 Mean velocity vector fields captured on the cylinder bore centre line using 1.5kHz PIV, 
presented over the crank angle range from 178˚ CA to 244˚ CA  without fuel injection.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar)  
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Figure 6.13 Mean velocity vector fields captured on the cylinder bore centre line using 1.5kHz PIV, 
presented over the crank angle range from 250˚ CA to 298˚ CA without fuel injection. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar)  
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Fuel Injection 
 
Figure 6.14 Mean velocity vector fields captured on the cylinder bore centre line using 1.5kHz PIV, 
presented over the crank angle range from 178˚ CA to 244˚ CA with fuel injection.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA) 
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Figure 6.15 Mean velocity vector fields captured on the cylinder bore centre line using 1.5kHz PIV, 
presented over the crank angle range from 250˚ CA to 298˚ CA with fuel injection. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA) 
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6.4.1 Effect of injection scheduling on in-cylinder turbulence 
 
The previous discussion focussed on understanding whether the high pressure fuel 
injection event influenced the bulk flow formation within the cylinder.  The flow field 
data was obtained for the standard single injection strategy, with injection timing 
occurring at SOI=80˚ CA ATDC.  The PIV results indicated that while the direction of 
bulk flow motion did not change for the injected case a noticeable difference in the 
velocity magnitude and distribution was evident.  However, as the piston approached 
TDC the difference in bulk motion had significantly reduced.   
 
As discussed in Chapter 5, it is the small scale turbulent flow structures that truly affect 
flame propagation and IC engine burn rate.  Considering that the single injection results 
demonstrated the potential for the fuel spray to modify the bulk flow, it is necessary to 
further understand the influence the injected fuel spray has on in-cylinder turbulence. 
Flame imaging results presented in Chapter 4 indicated that injection timing had a 
measurable difference on combustion (IMEP, peak pressure, MFB etc.).  However, it 
was not possible to ascertain whether this was a direct result of the injection event 
itself or due to AFR distribution resulting from the reduced times for mixing to take 
place.  Consequently a double injection strategy consisting of a fixed first injection 
occurring at 80˚ CA, and a timing sweep completed on a second injection pulse 
occurring at 120˚, 160˚, 200˚ and 240˚ CA ATDC intake.  The aim was to minimise the 
potential mixing implications of a late injection, whilst being of significant mass to 
influence the in-cylinder flow structures.  To quantify the in-cylinder flow 1.5 kHz PIV 
data was captured over an 10 mm square region within the pent-roof combustion 
chamber.  This was completed over a crank angle range from 100˚ CA through to 
328˚ CA ATDC, spanning all second injection timings, whilst also providing an 
indication of the flow field at the time of ignition (325˚ CA ATDC).   For the specified PIV 
setup, it was necessary to image through the pent-roof window via. an additional 
45˚ mirror, therefore unlike previously discussed PIV results the intake valves are 
located on the right hand side of the velocity vector field and the exhaust valves on the 
left. 
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To understand the influence the fuel injection event has on in-cylinder flow structures, 
it was first necessary to characterise the flow field within the cylinder for the standard 
engine operating condition.  This being a single injection occurring at 80˚ CA ATDC, 
engine speed of 1500 rpm, intake manifold pressure of 0.5 bar abs. and λ = 1.  
Figure 6.16 presents the mean horizontal and vertical velocity components along with 
the corresponding velocity magnitude over the captured crank angle range for the 
single injection strategy.   
 
 
Figure 6.16 Mean velocity distributions for the standard single injection strategy, indicating 
location of inlet valve closing (IVC) and ignition timing. (Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, ignition timing 325˚  CA, single injection SOI=80˚ CA, λ=1, 100 cycle mean) 
 
 
The intake valve jet was initially observed to propagate through the combustion 
chamber with a mean velocity of approximately 45 m.s-1, reducing to 20 m.s-1 over the 
crank angle range from 100˚ CA through to 130˚ CA ATDC.  This high velocity jet 
dominates the bulk flow structure, propagating at a relatively shallow angle through 
the combustion chamber.   During this crank angle period two points of inflection are 
illustrated within the mean velocity distributions, the first occurring at 142˚ CA and the 
second at 172˚ CA.  These locations correlate with the fluctuations in intake runner 
flow momentum, calculated from 5 kHz PIV velocity field data obtained from the same 
engine, and discussed by Justham et al. (2006).   The error bars included in each of the 
velocity distributions illustrate the standard deviation in the mean velocity at each 
captured crank angle location, calculated over 100 engine cycles.  The largest variation 
in velocity was shown to occur during the intake stroke between 100˚ CA and 
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124˚ CA ATDC, with a standard deviation of approximately 4.2 m.s-1.  This reduces to a 
standard deviation of approximately 1.0 m.s-1 by 226˚ CA, after which the velocity 
variation remains relatively constant through the remaining period of the engine cycle.   
 
Figure 6.18 and Figure 6.19 illustrate the temporal and spatial development of flow 
within the pent-roof combustion chamber over the crank angle period from 196˚ CA 
through to 328˚ CA.  To illustrate the spatial resolution of the PIV data captured within 
the pent-roof combustion chamber, Figure 6.17 presents an enlarged velocity vector 
field captured at 298˚ CA ATDC.  Following approximately 220˚ CA, the flow velocity 
remains relatively constant with a mean velocity of approximately 3.4 m.s-1, 
propagating from the intake to exhaust side of the combustion chamber.  It was evident 
from the presented velocity fields that a wide range of eddy structures are present 
within the flow varying in size and number as the cycle progress.  It was necessary 
therefore to understand how the process of directly injecting fuel into the cylinder 
influences these flow structures and to determine whether any potential advantage 
remains through to ignition timing. 
 
 
 
Figure 6.17 Example raw velocity vector field captured within the pent-roof combustion chamber 
298˚ CA ATDC, using 5 kHz PIV. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
 ignition timing 325˚  CA, single injection SOI=80˚ CA, λ=1) 
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Figure 6.18 Raw velocity distributions for the standard single injection strategy  
captured within the pent-roof combustion chamber over the crank angle range from 196˚ CA to 
256˚ CA, using 1.5 kHz PIV. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar,  
ignition timing 325˚  CA, single injection SOI=80˚ CA, λ=1) 
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Figure 6.19 Raw velocity distributions for the standard single injection strategy  
captured within the pent-roof combustion chamber over the crank angle range from 262˚ CA to 
328˚ CA, using 1.5 kHz PIV. (Engine speed 1500 rpm, intake manifold pressure 0.5 bar,  
ignition timing 325˚ CA, single injection SOI=80˚ CA, λ=1) 
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Figure 6.20 presents the mean horizontal and vertical velocity components along with 
the corresponding mean velocity magnitude for the single and double injection 
strategies. Comparison of all injection strategies, shows negligible difference in the 
horizontal velocity component with a mean difference of approximately 1.4 m.s-1 and a 
standard deviation of 0.58 m.s-1, calculated over the full crank angle range.  The 
combination of a narrow spray plume and the large momentum difference between the 
injected fuel spray and the in-cylinder flow results in the spray penetrating through the 
flow with negligible impact on its horizontal velocity component.  However, the vertical 
velocity component distributions illustrate a change in mean velocity immediately 
following the injection pulse.  This spray induced flow was particularly evident in the 
double injection strategies occurring during the compression stroke, 80/200 and 
80/240, which show an overall increase in mean vertical velocity component of 
approximately 4 m.s-1 and 2 m.s-1 respectively.   
 
a) Velocity magnitude 
 
b) Horizontal velocity component c) Vertical velocity component 
  
Figure 6.20 Comparison of mean velocity components for single and double injection strategies. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚  CA, 
 λ=1, 100 cycle mean)  
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Figure 6.21a presents the mean turbulence distributions over the captured crank angle 
range from 100˚ CA through to 328˚ CA for the standard single injection strategy.  
Trends in the u’ distributions are illustrated for a range of LMV decomposition filter 
sizes, calculated using the methodology discussed in the Velocity Field Decomposition 
section of this chapter.   
 
  
Figure 6.21 (a) Variation in u’ over the crank angle range of 100˚ CA to 328˚ CA for a range of 
LMV decomposition filter sizes (b) Effect of LMV decomposition filter size on u’ for a range of 
crank angle locations.  (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition 
timing 325˚ CA, single injection SOI=80˚ CA, λ=1, 100 cycle mean) 
 
 
A peak in RMS turbulence (u’) was evident early in the intake stroke, with a magnitude 
of approximately u’LMV27 = 4.9 m.s-1 for the largest filter size, LMV27 = 4.29 mm, 
reducing to u’LMV15 = 2.7 m.s-1 for a filter size of LMV15 = 2.38 mm and u’LMV3 = 0.7 m.s-1 
for the smallest analysed filter size of LMV3 = 0.48 mm.   This peak results from the 
range of turbulent scales generated within the cylinder by the high velocity valve jet.  
As the cycle progresses the momentum of the intake flow reduces and the dominance 
of the valve jet flow on bulk flow structures diminishes, and the energy cascade 
through the remaining part of the intake stroke leads to a reduction in the magnitude 
of u’.  A small peak in u’ was evident early in the compression stroke before continuing 
to decrease to a minimum of approximately 0.9 m.s-1 at 280˚ CA ATDC.  This local 
minimum coincides with IVC, occurring at 274˚ CA, after which there was a gradual 
increase in turbulence as the ignition timing was approached.  This increase occurs due 
to the compression of the flow structures, without loss of energy from the cylinder due 
to flow reversal. 
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The effect of increasing the size of the LMV filter is illustrated in Figure 6.21b.  The 
mean turbulence at specified locations through the engine cycle are presented for a 
filter size range from 0.48 mm, LMV3, through to 4.29 mm, LMV27.  It was illustrated 
that the turbulence increases as the LMV filter size was increased.  This was 
understood from the fact that as the mean flow represents a larger region, the local 
instantaneous velocity was more likely to differ from this mean resulting in a higher 
fluctuating velocity component.  Consequently, the majority of the kinetic energy was 
retained within the large scale flow structures established within the cylinder early in 
the intake stroke.   
 
 
Figure 6.22 Mean RMS turbulence vs. crank angle comparing single and double injection scheduling 
(LMV11). (Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA, λ=1, 
100 cycle mean) 
 
 
Figure 6.22 presents the RMS turbulence over the crank angle range from 100˚ CA to 
328˚ CA ATDC, comparing the single and double injection strategies.  Data was 
presented for a single local mean velocity filter size, LMV11, equivalent to a spatial 
region size of 1.75 mm.  In general, similar overall trends are evident between the four 
double injection strategies and the standard single injection case.  Firstly, prior to the 
timing of the second injection pulse similar magnitudes in mean turbulence are 
calculated.  Secondly, following the injection pulse there was an increase in turbulence 
induced by the high momentum fuel jet penetrating through the cylinder.  Finally, 
negligible difference in mean turbulence it calculated at the time of spark ignition for 
the single and double injection strategies.  Similar trends in turbulence, due to the 
process of injecting fuel, was reported in an experimental investigation completed by 
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Alger et al. (2005) and a numerical study completed by Han et al. (1997).  As discussed 
in the Literature Review, Section 2.3.3, the results of their research demonstrated an 
overall increase in kinetic energy and turbulence intensity following the start of 
injection.  As was shown in the results presented in this section, this increase in 
turbulence was subsequently shown to decay through the remaining period of the 
engine cycle.  The subsequent sections discuss these trends in further detail, with 
respect to the specific double injection strategy.   
 
 
Double Injection Strategy 80/120 
Comparison of the double injection strategy, 80/120, with the standard single 
injection case, highlighted negligible difference in the calculated mean 
turbulence over the crank angle range 100˚ CA to 180˚ CA.  This similarity in u’ 
distribution can be quantified by a mean difference of approximately 
∆u’LMV11 = 0.003 m.s-1 over the same crank angle period, between the single and 
double injection strategies.  The exception being immediately following the 
second injection timing, occurring at 120˚ CA, where an increase in mean 
turbulence was calculated to be approximately ∆u’LMV11 = 0.22 m.s-1.  Table 6.2 
details the increase in the calculated mean turbulence pre- and post- second 
fuel injection event compared.  Data was presented for all local mean velocity 
filter sizes, highlighting the LMV11 filter range as it was these values that are 
referred to in the discussion.  The presented data shows an  increase in u’ for all 
tested double injection cases immediately following the respective fuel 
injection timing, although differing in magnitude.  However, as illustrated in 
Figure 6.22, a rapid dissipation of u’ was evident in the data trends immediately 
following this initial increase, such that for the 80/120 strategy the mean 
turbulence had returned to a similar magnitude as the standard single injection 
case by the following data point, 6˚ CA later in the cycle.  A noticeable difference 
was however evident during the early stages of compression, with a reduction 
in u’LMV11 of approximately 0.2 m.s-1 calculated for the double compared to 
single injection strategies.  This negative difference persists through to 244˚ CA, 
after which the difference reduces and by ignition timing the double injection 
strategy has a comparable magnitude to the single injection case, 
∆u’LMV11 = 0.01 m.s-1. 
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Table 6.2 Increase in RMS turbulence pre-/post second injection event   
 
 Increase in RMS turbulence, ∆u’ (m/s) 
LMV3 LMV7 LMV11 LMV15 LMV19 LMV23 LMV27 
80/120 0.091 0.115 0.118 0.081 0.004 -0.102 -0.230 
80/160 0.179 0.358 0.615 0.848 1.050 1.226 1.381 
80/200 0.127 0.205 0.305 0.389 0.455 0.504 0.541 
80/240 0.177 0.270 0.353 0.420 0.472 0.512 0.542 
 
 
Double Injection Strategy 80/160 
The results for the double injection strategy, 80/160, demonstrates similar 
trends in u’ distribution through the engine cycle to the previously discussed 
80/120 injection strategy.  Prior to the second injection pulse, no additional 
factor can influence the in-cylinder flow formation other than the intake valve 
jet flow itself.  Consequently, all double injection strategies have comparable u’ 
distributions up to the timing of the second injection pulse to the single 
injection case.  This can be quantified for the 80/160 injection strategy, as a 
mean difference in u’ of ∆u’LMV11 = 0.02 m.s-1 over the crank angle range 100˚ CA 
to 156˚ CA.  In comparison to the 80/120 injection strategy, the second 
injection pulse occurring later in the cycle at 160˚ CA, results in a more 
significant increase in turbulence pre- and post injection, calculated to be 
0.62 m.s-1 for the 80/160 case compared with 0.12 m.s-1 for the 80/120 case 
(Table 6.2).  This difference was a result of the phasing of the second injection 
pulse in relation to the inlet valve lift, and the intake flow momentum.  During 
the early stages of intake, the high momentum valve jet flow dominates the 
formation of bulk flow structures within the cylinder, such that the external 
influence of the fuel injection pulse has limited effect on the flow.  This was 
observed for the second injection timing occurring at 120˚ CA, where a rapid 
dissipation of the calculated turbulence was evident in the mean distribution.  
However, for the later injection timing occurring at 160˚ CA, the intake valve 
has surpassed maximum lift, IVOmax = 147˚ CA, and the intake flow momentum 
has significantly reduced.  Consequently, the high pressure fuel injection event 
has more of an impact on the flow structures present within the cylinder.  This 
results in the largest calculated increase in turbulence compared with all other 
tested injection timings.  Table 6.3 presents the calculated increase in 
turbulence post second injection timing for the double injection strategy 
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compared to the single injection strategy at the corresponding crank angle 
timing.  The largest increase in turbulence was calculated for the 80/160 
injection strategy to be ∆u’LMV11 = 0.73 m.s-1 and the lowest for the earlier 
injection strategy 80/120 as ∆u’LMV11 = 0.22 m.s-1.   
   
Table 6.3 Increase in RMS turbulence post second injection – comparison of double 
injection with standard single injection scheduling at the corresponding crank angle 
timing   
Increase in RMS turbulence, ∆u’ (m/s) 
LMV3 LMV7 LMV11 LMV15 LMV19 LMV23 LMV27 
80/120 0.109 0.138 0.216 0.308 0.397 0.476 0.544 
80/160 0.209 0.435 0.733 0.990 1.202 1.376 1.518 
80/200 0.208 0.304 0.418 0.511 0.582 0.636 0.678 
80/240 0.174 0.269 0.363 0.442 0.505 0.554 0.591 
 
As was evident in the 80/120 u’ distributions, the turbulence was shown to 
dissipate following the initial increase, post fuel injection.  However, for this 
injection timing the turbulence was calculated to be an average of  
approximately 0.3 m.s-1 higher than the standard injection strategies over the 
crank angle range from 160˚ to 220˚ CA.  Interestingly, a similar profile in u’ 
was evident between the double and single injection strategy, except shifted in 
time.  This suggests that the injection process tends to enhance the flow 
structures already present within the cylinder rather than significantly modify 
the overall bulk flow structures present within the cylinder.  Following this the 
difference in u’ between the single and double cases continued to reduce, with 
similar magnitudes being calculated at the time of ignition.  This difference in 
turbulence between the single and double injection strategies is presented in 
Table 6.4. 
 
Table 6.4 Increase in RMS turbulence 328˚ CA ATDC (Ignition timing 325˚ CA) – 
comparison of double injection with standard single injection scheduling   
 
Increase in RMS turbulence, ∆u’ (m/s) 
LMV3 LMV7 LMV11 LMV15 LMV19 LMV23 LMV27 
80/120 0.049 0.016 -0.008 -0.028 -0.046 -0.064 -0.083 
80/160 0.013 -0.011 -0.033 -0.052 -0.070 -0.087 -0.104 
80/200 0.020 0.025 0.027 0.026 0.027 0.028 0.027 
80/240 0.034 0.064 0.095 0.115 0.127 0.136 0.142 
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PIV data provides the means to calculate velocity derivatives, e.g. strain and shear 
rates. These quantities are important for understanding IC engine flows since they are 
involved in energy production, dissipation and are responsible for the transfer of 
energy down to the smallest scales in the energy cascade.  As previously discussed in 
the Velocity Field Derivatives section of this chapter, four in-plane strain rate tensor 
components and one in-plane shear rate component can be derived from the 
instantaneous velocity field data.  Figure 6.23 presents the mean distributions for in-
plane strain components e11 and e22 and the shear rate component e12, comparing the 
single and double injection strategies.  As was evident in the turbulence distributions, 
an increase in strain and shear rates near the spark plug was evident immediately 
following the injection event.  However, by the time of spark ignition comparison of all 
injection strategies showed negligible difference in the magnitudes of strain and shear 
rates. 
 
a) In-plane strain (e11) b) In-plane strain (e22) 
  
c) In-plane shear (e12) 
 
Figure 6.23 In-plane strain and in-plane shear components comparing the double injection  
scheduling to the standard single injection timing (LMV11). (Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, ignition timing 325˚ CA, λ=1, 100 cycle mean) 
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Double Injection Strategy 80/200 and 80/240 
The 80/200 and 80/240 double injection strategies have similar overall trends 
in u’ distribution to the previously discussed injection strategies.  This being an 
overall increase in turbulence immediately following the fuel injection pulse, 
followed by a dissipation in u’ to a magnitude similar to that of the standard 
single injection case.  Considering this overall similarity, discussion of the final 
two double injection strategies, 80/200 and 80/240 have been grouped 
together.   
  
As illustrated in Figure 6.22, the 80/200 and  80/240 double injection 
strategies show a similar increase in u’ immediately following fuel injection, 
with calculated differences of ∆u’LMV11 = 0.32 m.s-1 and ∆u’LMV11 = 0.35 m.s-1 
compared to the single injection strategy.  The main difference was in the 
comparison of pre- and post- fuel injection turbulence, with the 80/200 
injection strategy having a larger increase of ∆u’LMV11 = 0.42 m.s-1, compared to 
∆u’LMV11 = 0.36 m.s-1 for the 80/240 case.  Despite the high pressure difference 
between the injected fuel and the cylinder pressure the calculated increase in 
turbulence for these later injection strategies was not as significant as the 
80/160 strategy.  The difference was likely to be a result of the flow structures 
present within the cylinder at the time of fuel injection and the phasing with 
the intake valve opening.  The relatively low valve lift and high pressure 
difference across the valve results in a high velocity valve jet propagating into 
the cylinder.  This high velocity jet dominates the flow formation within the 
cylinder, such that injection timings occurring during this period have 
negligible impact on the flow structures.  As the piston approaches BDC, the 
intake flow momentum reduces due to an increase in valve lift and reduced 
pressure difference across the valve.  Consequently, the flow velocities reduce 
and the dominant bulk flow structures become fully established within the 
cylinder.  Timing the injection event to occur during this stage in the engine 
cycle has the greatest impact on the flow, with the largest calculated increase in 
u’.  As the piston approaches TDC, the flow becomes piston dominated such that 
the fuel injection has a reduced influence compared to injecting close to BDC.   
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As outlined in the Introduction to this chapter, one of the main aims was to establish 
whether the process of injection fuel into the cylinder could be used as a means to 
control or influence in-cylinder flow structures.  The previous discussion highlighted 
that while a noticeable difference in turbulence was evident immediately following the 
fuel injection event, comparable levels were calculated at the time of spark ignition 
compared to the single injection case.  It was concluded in Chapter 5 that it was the 
flow field structures at the time of ignition that are of greatest influence to the 
subsequent combustion event for that particular engine cycle. Consequently, given the 
negligible difference in u’ at the time of ignition for the double compared to single 
injection strategies limited difference in the engine performance parameters was 
therefore expected.  Figure 6.24, presents the mean cylinder pressure trace for single 
and triple injection strategies along with a comparison of the pressure statistics 
determined from sets of 100 engine cycles for each injection strategy.  
 
  
Figure 6.24 In-cylinder pressure statistics comparing single and double injection strategies. 
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA,  
λ=1, 100 cycle mean) 
 
Similar magnitudes in maximum peak cylinder pressures were recorded for the double 
injection strategies, compared with the single injection case.  However, an increase in 
the cycle to cycle variation of peak cylinder pressures, results in an overall reduction in 
the mean cylinder pressure as the timing of the second injection pulse was retarded 
towards ignition timing.  The only double injection strategy that on average shows 
similar magnitudes in mean cylinder pressure was the 80/120 injection strategy.  This 
suggests that despite the short duration of the second injection pulse, and the average 
lambda ratio recorded as λ = 1, it was likely that local variations in the AFR distribution 
are responsible for the differences in combustion for the double injection strategy 
compared with the single injection case.   
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A comparison of mean, maximum and minimum pressure derived IMEP data for the 
single and double injection strategies are presented in Figure 6.25.  As expected, given 
the previous discussion of flow field structures and pressure statistics, there was 
negligible difference in the maximum IMEP calculated over the 100 cycle data sets, and 
a slight reduction in mean IMEP for the double compared to single injection strategies.  
The standard single injection strategy and the 80/120 double injection case show 
similar magnitudes in mean peak pressure and IMEP and comparable levels of 
variability.  The 80/120 double injection strategy has a standard deviation in IMEP of 
0.045 bar, which was of comparable magnitude to the single injection strategy, 
0.040 bar.  However, this magnitude in standard deviation increases to approximately 
0.26 bar for the 80/240 double injection strategy.   
 
 
Figure 6.25 IMEP statistics comparing single and double injection strategies.  
(Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA, 
 λ=1, 100 cycle mean) 
 
The results of the single and double injection timings have highlight that while an 
increase in u’ occurs as a result of the interaction of the injected fuel spray, this 
increase was not sustained through the compression stoke.  Consequently, for 
homogeneous charge DISI engine operation it was not suitable to utilise the high 
pressure fuel injection event to influence the turbulent flow structures within the 
combustion chamber.  However, the knowledge of the spray induced turbulence will be 
of importance for stratified operation where the fuel is injected a short time period 
prior to ignition timing.  Furthermore, for cold start conditions, engine manufacturers 
have begun to adopt double injection strategies, with the second injection occurring 
immediately prior to spark ignition.  The known increase in u’ due to the spray is 
therefore likely to have an impact on mixing and combustion under these conditions.  
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6.5 Concluding Remarks 
 
This chapter has investigated the potential to utilise the high pressure fuel injection 
event to influence the flow field structures within the cylinder of the Jaguar optical 
engine.  To quantify the temporal and spatial development of the fluid flow, particle 
image velocimetry has been utilised.  Data was captured at a PIV frequency of 1.5 kHz 
over two spatial regions.  The first, a 60 mm by 60 mm region located on the tumble 
plane of the cylinder, imaging through the full length glass liner.  The second, a 10 mm 
by 10 mm region located on the tumble plane of the combustion chamber, imaging 
through the pent-roof window.  
 
Single Injection Conclusions 
 
1. Two counter rotating flow structures were observed to form within the 
cylinder during intake, as a result of the high velocity intake valve jet 
propagating through the cylinder.  Towards the end of intake, the eddy on the 
exhaust side of the cylinder was shown to dominate the flow and persist 
through to the end of compression. 
 
2. The PIV results indicated that the direction of bulk flow motion did not change 
for the injected case, with the single clockwise rotating eddy remaining evident 
within the cylinder.   However, a noticeable difference in the velocity magnitude 
and distribution was shown with the spray suppressing the high velocity flow 
on the exhaust side of the cylinder.  This difference in bulk flow between the 
none injected and injected data was shown to reduce as the piston approached 
TDC. 
 
Double Injection Conclusions 
 
1. The intake valve jet flow was shown to propagate through the combustion 
chamber with a peak velocity of approximately 45 m.s-1, reducing to 20 m.s-1 
over the crank angle range from 100˚ CA through to 130˚ CA ATDC.  The shear 
imparted on the flow by this high velocity fuel jet results in the formation of 
small eddies within the cylinder increasing  the turbulence by up to 68%, 
depending on injection timing (Note: the % increase is based on LMV11 data). 
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2. The spray induced motion was shown to have negligible effect for injection 
timing occurring during the early intake period. The relatively low valve lift and 
high pressure difference across the valve results in a high velocity valve jet 
propagating through the cylinder.  This high velocity jet dominates the flow 
formation within the cylinder, such that injection timings occurring during this 
period have negligible impact on the flow structures.   
 
3. As the piston approaches BDC, the intake flow momentum reduces due to an 
increase in valve lift and reduced pressure difference across the valve.  
Consequently, the flow velocities reduce and the dominant bulk flow structures 
become fully established within the cylinder.  Timing the injection event to 
occur during this stage in the engine cycle has the greatest impact on the flow, 
with the largest calculated increase in u’.   
 
4. For injection timings occurring during the compression stroke, an increase in u’ 
remained evident in the mean distributions, however the magnitude change 
was less than that calculated for injection timing occurring at 160˚ CA.  
 
5. The energy added to the flow was shown to dissipate rapidly through the 
remaining period of the engine cycle, due to energy transfer through to the 
smaller scales of flow structure.  By the time of ignition negligible difference in 
turbulence intensity was calculated between the standard single injection 
strategy and the double injection cases. 
 
6. The double injection strategies showed an overall decrease in the mean peak 
pressure and derived IMEP values for the double compared to single injection 
case. This overall decrease resulted from an increase in combustion variability 
as the timing of the second injection pulse was retarded towards ignition.   
 
This chapter has demonstrated that utilising the high pressure fuel injection event for 
the purpose of increasing TDC turbulence is unsuitable for homogenous charge DISI 
engine.  The known increase in u’ following the injection will be of importance for 
stratified charge operation and some cold start strategies (Chen et al. 2009).  For 
homogeneous charge operation the advantages of adopting a multiple injection 
strategy are likely to be in other areas of engine operation.  The following chapter 
discusses the potential of utilising a multiple injection strategy for the purpose of 
reducing soot formation and unburned hydrocarbon emissions through the process of 
reducing fuel impingement.  
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Propagation and Charge Motion 
at Fuel Impingement Locations 
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7.1 Introduction 
 
The advantages of DISI gasoline engines have previously been discussed in Chapter 1 
highlighting the potential for improved fuel consumption and reduced CO2 emissions.  
To realise the true potential of this engine technology, research has focussed on 
understanding charge motion, mixture preparation and combustion.  However, there 
are real concerns for DISI engines regarding their tendency to emit nanoparticulates, 
e.g. soot.  These nanoparticulates are relatively low in mass compared to diesel engine 
particulates, but are high in number.  It is speculated that it is the number of particles, 
rather than their total mass that is key to their potential health hazard (Oberdörster et 
al., 2005).  Consequently future legislation will not only limit the total mass of 
particulates but also their number count.  At present there is limited knowledge on 
how these nanoparticles form in the engine and how they can be minimised.   
 
It is thought that achieving these particulate matter (PM) emissions targets may be 
possible through the addition of a gasoline particulate filter to the exhaust system.  
However, this will not only increase design, development and production costs, but 
also have a detrimental impact on engine performance due to increased exhaust 
backpressure.  Therefore, a more attractive approach to engine manufacturers is to 
reduce the formation of particulates at its source, i.e. within the combustion chamber.  
To accomplish this, further understanding of the source of particulates is required, and 
the impact of adopting different engine operating strategies, e.g. multiple injection 
strategies, has on reducing this PM formation. 
 
In DISI engines fuel is injected directly into the cylinder, reducing the time available for 
mixing to take place.  For the spray guided concepts with a centrally mounted injector 
operating high fuel injection pressures, there is an increased probability that the fuel 
spray will impinge on the surfaces of the piston crown and walls of the cylinder liner.   
If in-sufficient evaporation of the liquid fuel has taken place prior to the flame 
interacting with these fuel rich regions then they may ignite and burn as diffusion 
flames.  In an optical engine these regions are prominently visible as bright yellow 
flames, often persisting into the expansion stroke.  Wall-wetting is recognised as one of 
the reasons for the formation of soot (Stevens and Steeper, 2001, Ma et al., 2006) and 
the emission of unburned HC (Stanglmaier et al., 1999) from a DISI engine.  Therefore, 
reducing the levels of wall wetting will aid the reduction in PM emissions.   
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Since the addition of a particulate filter in the exhaust system is considered a last resort 
for automotive engine manufacturers, optimisation of engine operating conditions and 
the combustion strategy is required.  A number of approaches are available to 
automotive engine design and calibration engineers to reduce the magnitude of fuel 
impingement during the injection process, these include: 
 
1. Optimising the injection timing strategy to maximise time for fuel evaporation 
and charge mixing to take place, while minimising the fuel spray impingement 
onto piston crown and cylinder walls; 
2. Adopting a multiple injection strategy to reduce the mass of fuel injected during 
each injection pulse, while optimising the timing of each injection event to 
reduce fuel impingement; and 
3. Utilise the charge motion to transport fuel deposited on the cylinder surfaces 
back into the cylinder increasing evaporation rates from these locations. 
 
 
This chapter investigates the potential for adopting a multiple injection strategy to 
reduce direct fuel impingement on the combustion chamber surfaces with the aim of 
reducing particulate formation during the subsequent combustion event.  Three main 
areas of research are reported.  Firstly, spray imaging has been completed to ascertain 
the locations of fuel spray impingement and to gain further understanding of the spray 
structure during the impingement process.  Secondly, combustion imaging has been 
completed over a range of air fuel ratios to identify the locations of particulate 
formation within the combustion chamber and compare this to the locations of fuel 
impingement identified in the spray imaging.  The final section discusses the role of the 
in-cylinder charge motion in transporting fuel deposits from the areas of fuel 
impingement. 
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7.2 Fuel Spray Structure
 
As discussed in Chapter 3,
mounted vertically within the cylinder head.  
of three nozzle holes, each of 0.
injection angles, producing the distinctive spray pattern
designed to achieve maximum spray coverage over the cylinder bore.  However,
result of the high injection pressures and narrow spray angles, fuel impingement on 
the cylinder surfaces 
been ascertained through high speed imaging of the fuel spray, initially using globa
illumination of the whole cylinder
      
Figure 7.1 Fuel impingement locations 
illumination of the cylinder
(Engine speed 1500
 
 
(a) 
Piston crown 
 
223 
 
 the fuel supply was provided via a 6-hole prototype injector 
The injector nozzle consists of two groups 
2 mm outlet diameter.  The six holes 
 illustrated in 
was known to occur.  The locations of fuel impingement have 
, as illustrated in Figure 7.1b and Figure 7.
 
 
  
    
(highlighted by red circles) identified through global 
 (a)  end view (b) side view, fuel spray diagram
 rpm, intake manifold pressure 0.5 bar, ignition timing 325
 single injection SOI=80˚ CA, λ=1) 
b) 
Piston crown 
 
have different 
Figure 7.1, 
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The results of global cylinder illumination, highlighted four main areas of direct fuel 
impingement within the combustion chamber.  As previously discussed these locations 
are potential sources of particulate formation and unburned HC emissions from the 
engine.  The following section discusses each impingement location in turn, with 
reference to the particulate/HC mechanism they are likely to contribute to: 
 
1. Fuel impingement onto the back of the intake valve 
For homogeneous charge DISI engine operation, early injection timing was 
adopted, such that the fuel injection event occurs early in the intake stroke.  At 
high valve lifts the fuel spray was observed to impinge on the back of the valve 
head.  This can potentially result in fuel becoming secreted in crevice volumes 
around the valve seats.  However, quantification of flow structures within the 
valve jet region has shown velocities in excess of 50 m.s-1.  Considering that fuel 
impingement onto the intake valve occurs at around 90˚ CA ATDC, and the end 
of intake occurs 184˚ CA later, it unlikely that liquid fuel will remain on the 
valve head before inlet valve closing (IVC).   
 
2. Fuel impingement onto the piston crown 
The steep spray angle of plumes 2, 3, 4 and 5 and high penetration rates 
through the cylinder result in direct fuel impingement onto the surface of the 
piston at approximately 94˚ CA ATDC.  This process forms liquid fuel films on 
the surface of the piston crown, which take longer to evaporate compared to 
airborne droplets.  This rich mixture burns with a diffusion flame and in 
extreme cases can result in the liquid fuel film burning as a pool fire on the 
piston crown surface.  This process can result in high levels of particulate 
formation, e.g. soot, within the cylinder and a lower power output due to poor 
fuel conversion efficiency. 
 
3. Fuel impingement onto the cylinder liner  
Spray plumes 1 and 6 were observed to directly impinge on the cylinder liner 
approximately 20 mm below the cylinder head.  This has a number of 
implications on HC and PM formation mechanisms within the cylinder.  Firstly, 
if complete evaporation of the fuel from the liner has not occurred prior to the 
piston moving past this region during compression, then liquid fuel can be 
entrained into the crevice volumes around the piston rings and absorbed into 
oil layers.  The fuel/air mixture in these locations can remain unburned as the 
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flame front passes.  Secondly, flame quenching at the surfaces of the 
combustion chamber can occur due the large temperature difference between 
the flame and the chamber surface.  The high rates of heat transfer in these 
locations effectively extinguishes the flame, forming a quench layer at the wall 
boundary.   Consequently, this layer contains unburned fuel/air mixture, which 
can subsequently be burned by mixing with the higher temperature burned 
gases present within the cylinder.  In addition to the HC and PM implications of 
fuel impingement, liquid fuel deposits on the cylinder liner may also result in 
the removal of the oil film layer from its surface, commonly known as bore 
washing, leading to increased wear of the piston rings and liner surface.  
Furthermore, liquid fuel on the cylinder wall has the potential to pass the 
piston rings during blow-by, resulting in dilution of the crankcase oil. 
 
4. Fouling of the fuel spray plumes onto the spark plug electrode 
The close geometric arrangement between the spark plug and injector was 
likely to result in fuel impinging onto the earth electrode.  This process may 
result in deposits forming, which was likely to impact upon the electrical 
discharge across the spark gap and the cycle-to-cycle variation in spark energy, 
which will have a subsequent impact on combustion stability. 
 
 
Due to the magnitude of fuel observed to impinge on the piston crown surface and the 
potential contribution this has on both particulate formation and unburned HC 
emissions, this location was selected for further investigation.  Fuel spray imaging, 
combustion imaging and HSPIV has been completed within this area of the cylinder to 
extend knowledge of the fuel impingement process, its contribution to particulate 
formation and the role in-cylinder flow structures have on transporting fuel deposits 
from these locations. 
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7.2.1 Experimental configuration
 
High speed, 9 kHz, tumble plane imaging of fuel spray plumes 2 and 5 has been 
completed under motored and fired operating conditions for both single and triple 
injection strategies.  Fuel spray imaging was completed through the full length optical 
cylinder liner using the high speed Photron APX
measurement area was achieved using the Nd:YLF laser, synchronised to the camera 
frame rate.  To achieve the required illumination across the full bore of the cylinder, a 
two-dimensional light sheet was formed using a spherical and cylindrical lens 
configuration, introduced to the cylinder directly through the optical liner.  
illustrates the optical arrangement for fuel spray imaging in the tumble plane 
highlighting the location of the light sheet relative to the fuel spray plumes and the 
and location of the imaging regions
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Schematic of spray imaging through the full length optical liner (tumble plane), 
highlighting measurement locations within the cylinder
 
 
Tumble plane imaging 
reduced area, 90 mm, 30
cylinder bore, aimed at gaining a global understanding of the differences
structure and locations of fuel impingement of the two injection strategies
focussed on obtaining higher resolution imaging of a single spray plume, plume 5.  The 
final measurement region focused on a small region at the interface between the liner 
wall and piston rings aimed at investigating fuel deposits in the crevice volumes 
around the piston compression ring.
Intake 
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To investigate the spray structure as it impinges on the surface of the piston and the 
path the spray follows during this spray/surface interaction, imaging was completed 
through the optical piston crown.  For this configuration, illumination was achieved by 
forming a light sheet horizontally across the cylinder, at a height corresponding the 
crank angle at which fuel impingement occurred.  For the triple injection strategy three 
individual tests were required, positioning the light sheet at the impingement locations 
identified for the first, second and third injection plumes.  Figure 7.3 illustrates the 
optical arrangement for fuel spray imaging in the swirl plane highlighting the location 
of the light sheets relative to the fuel spray plumes and the size and location of the 
measurement areas. 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 7.3 Schematic of spray imaging through piston crown window (swirl plane),  
highlighting measurement locations within the cylinder 
 
 
For all measurement conditions two injection strategies were investigated;  The first 
was the standard single injection strategy, with injection occurring at SOI=80˚ CA ATDC 
with a pulse width of 0.98 ms, to achieve stoichiometric combustion at 1500 rpm.  The 
second was a triple injection strategy with split injections occurring at SOI1=60˚ CA, 
SOI2=70˚ CA and SOI3=80˚ CA with pulse widths of approximately 1/3 of the single 
injection case (Table 7.1).  It is interesting to note that to achieve λ=1 at 1500 rpm 
(measured using the Lambda sensor located in the exhaust manifold), similar total 
pulse widths were required for both the single and triple injection cases.  Considering 
the pulse durations of the triple injection strategy, 0.33 ms, and the time taken for the 
injector to reach full need lift and therefore full flow it is probable that the total mass of 
fuel delivered in the triple injection case is less than that of the single injection case.  
Intake Exhaust 
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Despite the potential difference in total mass of fuel injected into the cylinder during 
each cycle, stoichiometric combustion was achieved (measured using a lambda sensor 
located in the exhaust manifold).  This apparent difference in total mass of fuel being 
delivered suggested improved fuel utilisation, potentially due to reduced levels of fuel 
impingement and improved mixing for the triple injection strategy compared with the 
standard injection case. 
 
Table 7.1 Injection timing and pulse durations for single and triple injection strategies, to achieve 
λ=1 at an engine speed of 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA. 
 
Injection strategy Start of injection Pulse width 
Single 80˚ CA 0.98 ms 
Triple 60˚ CA, 70˚ CA, 80˚ CA 0.33 ms, 0.33 ms, 0.33 ms 
 
 
Fuel spray imaging was completed using the APX-RS camera, which was operated at 
9 kHz providing a temporal resolution of 1˚ CA between successive spray images at the 
tested engine speed of 1500 rpm.  The 2 GB onboard memory was partitioned to 
capture 60 spray images per engine cycle, allowing for 100 cycles of data to be 
captured in each engine test.  The camera was triggered by an external signal sent from 
the AVL engine timing unit at the crank angle corresponding to the first injection pulse 
i.e. 80˚ CA ATDC for the single injection strategy and 60˚ CA ATDC for the triple 
injection strategy.  To illustrate this Figure 7.4 presents a timing diagram for high 
speed fuel spray imaging during triple injection operation. 
 
  
Figure 7.4 Timing diagram for spray imaging (Triple injection strategy) 
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7.2.2 Results and Discussion 
 
The fuel spray structure for single and triple injection strategies was characterised 
through a series of initial tests completed under static flow conditions.  To achieve this, 
the piston was held at a fixed position corresponding to 80˚ CA ATDC.  The AVL engine 
timing unit was used to trigger the injection pulses at timings and durations equivalent 
those required for stoichiometric combustion at 1500 rpm and 0.5 bar intake manifold 
pressure.  Figure 7.5 and Figure 7.6 show a time sequence from 1.11 ms to 5.99 ms 
after injection timing for single and triple injection strategies respectively.   
 
Imaging of the fuel spray structure for the single injection event highlighted the 
formation of two individual spray plumes, plumes 2 and 5, within the measurement 
area.  These plumes continuously extend in length as the spray penetrates through the 
cylinder.  During this process air was entrained into the trailing edge of the spray 
forming multiple counter rotating structures.  These flow structures become 
particularly evident 3 ms after the start of injection.  As more air was entrained into the 
spray greater dilution occurs, highlighted by a more even light intensity over the full 
length of the spray plume.  The large mass of fuel injected in a single pulse penetrates 
through the cylinder with high spray momentum and was observed to impinge on the 
surface of the static piston approximately 3.22 ms after the start of injection timing.   
 
The significant outcome obtained from the triple injection imaging was that over the 
same time duration as the single injection case (~6 ms) no direct fuel impingement 
was observed on the piston crown surface.  This reduced spray impingement was a 
result of noticeable differences in the spray penetration for each injection pulse.  The 
first pulse exhibited limited penetration through the cylinder, with sufficient time 
available to observe some fuel evaporation prior to the  second injection, occurring 
1.11 ms later.  The second spray plume was injected into the tail of the first and was 
observed to catch and pass the leading edge of the first plume, resulting in the spray tip 
penetrating further into the cylinder.  The increased spray penetration was attributed 
to the first injection event aligning the flow to the direction of the spray, reducing the 
flow induced drag on the leading edge of the second and third injection pulses.  
Although increased spray penetration into the cylinder was evident for the second and 
third injection pulses, the duration of each injection pulse was small enough such that 
there was no direct fuel impingement on the piston crown surface.  
Fuel Spray Structure, Flame Propagation and Charge Motion at Fuel Impingement Locations 
 
 
230 
 
 
 
Figure 7.5 Time sequence fuel spray structure under static flow conditions  
for a single injection strategy, single injection duration 0.98 ms 
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Figure 7.6 Time sequence fuel spray structure under static flow conditions for a triple injection 
strategy, injection durations of first, second and third pulses: 0.33 ms, 0.33 ms, 0.33 ms 
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In addition to characterising the spray tip penetration for the single and triple injection 
strategies, it was possible to gain further understanding of the fuel distribution through 
the spray plumes.  Since the camera lens was configured with the same aperture 
number for both tests, it was possible to compare the light intensity recorded on the 
camera chip for each injection test.  The greater the light intensity the denser the fuel 
distribution in that location of the spray plume. For the single injection strategy a 
dense region of fuel was evident towards the leading edge of the spray plume and 
reduces in intensity through the length of the spray as it extends towards the nozzle 
exit.  This region of increased intensity persists through to approximately 3 ms ASOI, 
after which a more uniform spray distribution was evident within the cylinder. In 
contrast to this, the triple injection strategy does not exhibit the same fuel density in 
the leading edge and a more uniform distribution through the length of the spray 
plume over the full duration of the injection event.  This was due to a combination of 
the reduced mass of fuel being injected per pulse and increased fuel evaporation 
occurring between injection pulses for the triple injection strategy.  This was 
significant since it was this dense region of the fuel spray that impinged on the surface 
of the piston crown approximately 3.22 ms ASOI (single injection), increasing the 
likelihood of a liquid fuel film forming on the surface.  
 
Although these tests were conducted under static flow conditions, they demonstrate 
the potential for reducing piston crown fuel impingement by adopting a triple injection 
strategy.  Even if fuel impingement was evident while implementing the triple injection 
strategy during engine operation, it was expected that the reduced mass of fuel injected 
per pulse, improved fuel distribution through the spray plume and increased spray 
evaporation will reduce the total mass of fuel deposited on the piston crown.  To 
investigate the potential benefits of adopting a multiple injection strategy with regards 
to reducing fuel impingement, engine testing was conducted under motored and fired 
operating conditions at an engine speed of 1500 rpm and 0.5 bar intake manifold 
pressure.  The spray imaging results obtained from the engine testing are discussed in 
the subsequent sections. 
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For motored operation with the spark disabled, 100 consecutive cycles of spray 
development were captured at 1˚ CA temporal resolution.  The injection pulse duration 
used was the same for a stoichiometric mixture under firing conditions with 0.5 bar 
intake manifold pressure.  Figure 7.8 presents a typical time sequence of spray images 
from 10˚ to 27˚ CA ASOI for motored operation operating the single injection strategy.   
 
Spray plumes 2 and 5 become evident within the measurement area approximately 
8˚ CA ASOI, and penetrate though the cylinder before impinging onto the surface of the 
piston crown approximately 15˚ CA ASOI.  As was shown in the static flow results, the 
spray plumes exhibit a dense region of fuel within the leading edge of the spray plume, 
and remains visible through to the point of impact with the piston.   Considering the 
density of fuel present within the spray tip, it would be expected that a liquid fuel film 
be formed on the surface of the piston crown.  On average, fuel impingement occurred 
25 mm inboard of the cylinder liner with a spread of 20 mm over the full 100 cycle data 
set.  During this impingement process two counter rotating structures are formed 
either side of the point of impact.  These flow structures are observed to propagate 
outwards from the initial impingement location; one towards the cylinder liner wall 
and the other towards the centre of the cylinder, illustrated in Figure 7.7.   
 
 
 
Figure 7.7 Fuel impingement on piston crown surface, highlighting the direction of the individual 
spray plumes and the location of fuel impingement. Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar, single injection SOI=80˚ CA (0.98 ms) 
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Figure 7.8 Time sequence of fuel impingement onto the piston crown over the crank angle range 
from 10˚ CA to 27˚ CA ASOI under motored engine operation (tumble plane imaging) Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA (0.98 ms) 
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In order to investigate the effects of combustion and the presence of hot residuals in 
the cylinder on the spray formation and impingement process, the engine was fired at 
1500 rpm, 0,5 bar intake manifold pressure with a single injection duration required to 
achieve stoichiometric combustion.  Typical spray images for fired operation are 
presented in Figure 7.9 from 10˚ to 27˚ CA ASOI. 
 
The fired spray images highlight some thinning of the individual spray plumes 
compared to motored operation, presented earlier in Figure 7.8, indicative of reduced 
liquid fuel density within the spray plume.  This thinning occurs as a result of increased 
heat transfer from the higher chamber temperatures and the presence of hot 
combustion residuals within the cylinder during fired operation.  The increased rate of 
fuel evaporation at the spray-air interface during fired operation was particularly 
evident during the later stages of the intake stroke, 27˚ CA ASOI.   
 
The increased evaporation rates for fired engine operation may also be attributed to 
the location of the injector within the combustion chamber.  As previously mentioned 
the spray guided concept typically positions the injector centrally to the cylinder in 
close proximity to the spark plug.  The injector tip was therefore subject to the high 
flame temperatures over the full combustion period, leading to increased injector tip 
temperatures.  The heat transfer from the injector tip to the fuel, can to some extent, 
have a positive effect of increasing atomisation efficiency, therefore improving the rate 
of mixing within the cylinder, (Moon et al., 2007, van Romunde and Aleiferis, 2009).  
The combination of increased cylinder and injector tip temperatures, results in 
improved vaporisation and evaporation rates of the fuel spray under fired operation.  
The effect was to reduce the fuel density within the leading edge of the spray, and a 
more even distribution through the length of the spray plume.  Consequently, less fuel 
was observed to impinge onto the piston crown surface during fired engine operation.  
Furthermore, fuel impingement on the piston crown surface occurs approximately 
18˚ CA ASOI during fired operation, which was on average 3-4˚ CA later than the 
motored results.   
 
Interestingly, the spray images for both the motored and fired cases show greater light 
intensity for spray plume 5, at the right hand side of the spray images below the 
exhaust valves, compared to plume 2.  This is a result of a number of contributing 
factors including; 1) light attenuation since the laser sheet was introduced through the 
liner wall rather than through the optical piston crown and 2) a larger mass of fuel 
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penetrating through the light sheet for plume 5.  The piston speed towards the end of 
injection at 93˚ CA ATDC was at its fastest, therefore the spray was observed to 
effectively chase the piston.  At this point of the cycle, the dominant flow structures 
have become well established within the cylinder, discussed in Section 7.4.  This was 
observed to cause a slight rotation of the spray plumes.  Therefore during motored and 
fired engine operation only plume 5 passes centrally through the light sheet, while 
plume 2 was slightly offset from the sheet.  It was this spray flow interaction that 
results in the difference in light intensity for plumes 2 and 5.  This spray rotation was 
later observed in the spray imaging completed through the piston crown window and 
presented in Figure 7.12. 
 
Spray imaging completed for the single injection strategy has demonstrated that under 
motored operation significant fuel impingement was evident on the surface of the 
piston crown.  This was observed to propagate across  the top of the piston, forming a 
fuel film over a large area of the piston.  Despite the increase spray evaporation during 
fired operation the fuel was still observed to impinge onto the surface of the piston 
crown.  This forms two points of interest with regards to the potential impact on 
emissions formation: 
 
1. If the deposited fuel has not completely evaporated from the surface by the 
time the flame interacts with these regions then either incomplete combustion 
of the mixture in these locations will occur contributing to the unburned HC 
emissions, or this fuel rich region will burn as a diffusion flame generating soot 
particles within the cylinder.   
 
2. The spray images show a large mass of fuel propagating into the interface 
region between the piston rings and wall of the cylinder liner.  This can result 
in fuel being secreted into these crevice volumes, which can contribute to 
unburned HC emissions. 
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Figure 7.9 Time sequence of fuel impingement onto the piston crown over the crank angle range 
from 10˚ CA to 27˚ CA ASOI under fired engine operation (tumble plane imaging) Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA,  
single injection SOI=80˚ CA (0.98 ms), λ=1 
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The results obtained from large area tumble plane imaging illustrated a significant 
amount of fuel propagating into the liner wall/piston ring interface.  To investigate the 
fuel spray structure within this interface regions, high speed imaging was completed 
over a 15 mm square area in this near wall region.  Figure 7.10 presents a series of 
spray images from 16˚ to 21˚ CA ASOI.  As previously discussed the fuel spray was 
observed to impact with the piston crown surface before forming a rolling vortex 
which propagates outwards into the liner wall.  During this process, it was probable 
that liquid fuel will be deposited into these crevice volumes around the compression 
ring.  This secretion of fuel into crevice volumes is known to contribute to unburned 
hydrocarbon emissions resulting from  (1) incomplete combustion at crevice volumes 
due to flame quenching at the crevice entrance and (2) absorption of fuel into the oil 
layers surrounding the piston rings and along the liner surface.     
 
 
Figure 7.10 Small area imaging of fuel spray structure at the interface between the  
piston rings and cylinder liner. Engine speed 1500 rpm, intake manifold pressure 0.5 bar,  
single injection SOI=80˚ CA (0.98 ms) 
 
As the cylinder pressure rises during the compression stroke the unburned mixture is 
forced into these crevice regions.  Since these regions are thin they have a relatively 
large surface to volume ratio, such that as the gas flows into these regions it cools by 
heat transfer to the wall temperature.  When the flame arrives at these crevice regions 
it can propagate into the crevice and fully or partially burn the mixture contributing to 
in-cylinder particulate formation. Alternatively, the flame can quench at the crevice 
entrance, resulting in this rich region escaping the primary combustion process.  As the 
cylinder pressure decreases following the end of the combustion process and into the 
expansion stroke this fuel rich mixture flows back into the cylinder, where it is later 
exhausted in the form of unburned HC emissions.   
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To further understand the behaviour of the fuel spray during the impingement process 
imaging was completed through the optical piston crown.  Unlike the analysis 
completed in the tumble plane, there was a degree of uncertainty in establishing the 
crank angle location at which fuel impingement occurs for each engine cycle.  This was 
particularly difficult under global illumination of the cylinder, where the fine details in 
the spray structure as it impacted onto the surface of the piston crown could not be 
identified.  The solution was to form a light sheet across the cylinder liner located just 
above the piston crown at the crank angle corresponding to the average point of fuel 
impingement identified in the tumble plane imaging, i.e. for the single injection strategy 
the light sheet was located at a position corresponding to 94˚ CA ATDC.  Therefore, 
preventing imaging of the spray structure until the piston had moved through the light 
sheet.  Direct fuel impingement onto the piston crown surface was recognised to have 
occurred by three key features within the image: 
 
1. presence of fuel simultaneously with scattered light off imperfections on the 
surface of the optical piston crown;  
2. a circular spray pattern typical of impingement on a flat surface; and  
3. the time of the spray image corresponding to the statically average time of 
impingement calculated from tumble plane imaging, 94˚ CA ATDC.   
 
 
Figure 7.11 presents a set of images illustrating the four main features of the spray 
structure as it impinges on the surface of the piston crown.  These enlarged images 
have been taken from the sequence of spray images presented in Figure 7.12, 
illustrating the spray structure as it impinges on the surface of the piston crown over 
the crank angle range from 94˚ CA to 111˚ CA.    Fuel impingement on the surface of the 
piston crown was observed to occur at approximately 94˚ CA ATDC, corresponding to 
the crank angle established in the tumble plane imaging.  As previous discussed, three 
criterion must be satisfied to be certain that fuel impingement has occurred, while 
imaging through the piston crown window.  For the sequence of images presented in 
Figure 7.12, these identified features are evident from 15˚ CA until 19˚ CA ASOI, after 
which the piston has moved too far from the light sheet to be certain of continued fuel 
impingement, but the data provides valuable information relating to its development 
across the cylinder. 
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Spray imaging demonstrates that from 94˚ CA to 99˚ CA direct fuel impingement was 
evident on the surface of the piston crown within the captured images.  As the high 
velocity spray jet impacts with the flat piston surface a circular impingement profile 
was formed.  The spray then propagates in a radial direction away from the point of 
first contact, across the surface of the piston crown.  This change in direction was a 
result of the spray being dominated by the bulk flow structures present within the 
cylinder rather than its own spray momentum.  By 110˚ CA the fuel spray was observed 
to have  propagated across the full bore of the cylinder. 
 
 
Figure 7.11 Four main stages of the fuel impingement process imaged through the optical piston 
crown. Engine speed 1500 rpm, intake manifold pressure 0.5 bar,  
single injection SOI=80˚ CA (0.98 ms) 
94˚ CA 102˚ CA 
98˚ CA 106˚ CA 
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Figure 7.12 Time sequence of fuel impingement onto the piston crown over the crank angle range 
from 14˚ CA to 31˚ CA ASOI under motored engine operation (swirl plane imaging) Engine speed 
1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA (0.98 ms) 
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The results obtained from static flow testing, highlighted the potential to adopt a triple 
injection strategy for the purpose of reducing the levels of fuel impingement on the 
piston crown surface.  In order to investigate whether this advantage remains during 
normal engine operation, fired engine tests were completed at 1500 rpm, 0.5 bar 
intake manifold pressure while implementing the triple injection strategy to achieve 
stoichiometric combustion.   
 
A typical sequence of spray images for fired operation is presented in Figure 7.13 over 
the crank angle range from 66˚ CA to 98˚ CA.  The first injection pulse occurs at 60˚ CA 
ATDC, at this point the piston is relatively high in the combustion chamber, 
approximately 30 mm below the cylinder head, increasing the likelihood of fuel 
impingement on the surface of the piston crown.  However, the high evaporation rates 
during fired operation combined with the short injection pulse duration, minimised the 
potential for impingement to occur.  Spray images illustrate the spray tip of the first 
injection pulse barely impinges on the surface of the piston crown, approximately 
8˚ CA ASOI1.   Following this first injection event, sufficient time was available for the 
fuel to evaporate and mix with the cylinder air prior to the second injection plume 
entering into the measurement region.  This was clearly evident in the spray image 
captured 12˚ CA ASOI1, which was completely devoid of any scattered light due to the 
fuel spray.   
 
The second injection pulse occurs at 70˚ CA ATDC, and was first observed within the 
measurement region approximately 14˚ CA ASOI1.  The fuel spray was observed to 
propagate through the cylinder, effectively chasing the piston.  The second injection 
has similar characteristics to the first, with the low mass-momentum of the injection 
plume minimising the mass of fuel impinging onto the piston, in this case at 
22˚ CA ASOI1.  Furthermore, by the time the third injection pulse enters the 
measurement area approximately 24˚ CA ASOI1, only a small mass of fuel from the 
second injection event was evident.  Results show an increase in spray penetration 
through the cylinder for each subsequent injection event.  As previously discussed this 
was due to the alignment of the flow to the direction of the spray plume reducing drag 
on the leading edge of the spray.  Consequently, a slight increase in fuel impingement 
was observed for the final injection pulse, however the magnitude was significantly 
less than that observed for the single injection strategy. 
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Figure 7.13 Time sequence of fuel impingement onto the piston crown over the crank angle range 
from 6˚ CA to 38˚ CA under fired engine operation (tumble plane imaging). Engine speed 1500 rpm, 
intake manifold pressure 0.5 bar, ignition timing 325˚ CA, triple injection SOI=60˚ CA (0.33 ms), 
 70˚ CA (0.33 ms)and  80˚ CA (0.33 ms), λ=1 
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7.3 Flame Propagation 
 
Fuel spray imaging results illustrated significant levels of fuel impingement onto the 
surface of the piston crown for the single injection strategy under motored and fired 
engine operation.  It is understood that if this liquid fuel has not fully evaporated prior 
to the propagating flame front interacting with this region then the liquid fuel will burn 
as a diffusion flame, and potential contribute to both PM and HC emissions.  The levels 
of direct fuel impingement was shown to be alleviated through the implementation of a 
triple injection strategy.   
 
Furthermore, engine-out emissions is dependent on the mode of vehicle operation.  
Rich mixtures are typically used during cold start and engine warm-up conditions to 
improve the driveability of the engine, since incomplete evaporation of the injected fuel 
is likely to occur.  Similarly, rich mixtures have also been used during idle, acceleration 
and full load operating conditions.  It was necessary therefore to investigate the 
sensitivity of the combustion process to this change in AFR, and the potential benefits 
of adopting a triple injection strategy.  To further investigate this, combustion imaging 
has been completed for the single and triple injection strategies for stoichiometric and 
rich mixtures. 
 
 
7.3.1 Flame Imaging  
 
Flame imaging was completed using the high speed APX-RS CMOS camera operating at 
9 kHz providing a temporal resolution of 1˚ CA resolution between flame images at an 
engine speed of 1500 rpm.  To capture the fuel rich combustion regions within the 
combustion chamber and the interaction of the flame with the piston crown the 
measurement region was located such that it included the fields of view through the 
pent-roof window and the short quartz annulus as illustrated in Figure 7.14.  The high 
luminosity of the fuel rich regions of the flame required the 60 mm Nikon lens to be 
configured with a relatively small aperture, F11, to complete the combustion imaging 
without over exposure of the camera during the later stages of combustion.  
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Figure 7.14 Schematic of optical arrangement for imaging combustion at fuel impingement 
 
 
The 2 GB onboard camera memory was partitioned to allow 80 flame images to be 
captured per trigger, providing sufficient memory alloca
Flame imaging was triggered 5
growth within the combustion chamber and enable the flame growth to be tracked as it 
propagated into the identified fuel rich regions on 
aim of the flame imaging was firstly to identify potential locations of soot formation 
within the cylinder of the optical engine and to determine whether these locations 
corresponded to the fuel impingement locations i
Secondly, to investigate the effect of adopting a multiple injection strategy on reducing 
in-cylinder particulate formation.
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locations, including a sample flame image  
tion for 84 successive cycles.  
˚ CA following ignition timing to capture the early flame 
the surface of the piston crown.  The 
dentified in the spray imaging.  
 
 
25 mm 
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7.3.2 Image Post-Processing and Data Analysis 
 
In an optical engine fuel rich regions burning with a diffusion flame are prominently 
visible as bright yellow flames, often persisting into the expansion stroke.  This is 
compared to the areas burning stoichiometrically with a blue coloured flame.  This 
results in a difference in light intensity recorded on the camera, with the rich regions 
having significantly higher intensity compared to the stoichiometric/lean regions.  To 
enable comparison of the combustion process to be completed a routine was developed 
within MATLABTM to identify the regions of high luminosity corresponding to the rich 
burning regions, where PM is likely to be formed.  The program was designed to load 
each flame image into memory generating a pixel intensity matrix.  A threshold was 
then applied such that intensity values greater than 200/255 were assigned a value of 
‘1’ corresponding to high luminosity regions, and ‘0’ at all other locations.  A threshold 
intensity value of 200 was selected as this was significantly higher than the pixel 
intensities recorded on the camera chip due to the natural luminosity of the flame.  A 
filtering routine was then applied to ensure that these locations were true regions of 
high intensity rather than background noise within the image.   
 
 
7.3.3 Results and Discussion 
 
Flame imaging was first completed for the single injection strategy at stoichiometric, 
λ = 1.00, and fuel rich, λ = 0.95. 0.90 and 0.85, operating conditions.  The lambda ratio 
was controlled by increasing the mass of fuel injected into the cylinder during each 
pulse, while maintaining a fixed engine speed of 1500 rpm and manifold pressure of 
0.5 bar.  The longer injection durations will inevitably lead to an increase in liquid fuel 
impinging onto the surface of the cylinder.  The fixed injection timing, but increased 
duration reduces the overall time for evaporation to take place.  Consequently 
completing these tests for a range of lambda ratios will provide further understanding 
of the effectiveness with which the deposited fuel is transported from the impingement 
locations by the in-cylinder flow structures.  
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Figure 7.15 presents the threshold analysis results for the single injection strategy at 
the four tested lambda ratios.  This data represents the percentage likelihood of a high 
intensity value, I > 200,  being identified within the measurement area.  Calculating this 
probability over the complete crank angle range and for every captured engine cycle, 
provides a global understanding of the frequency and distribution of rich burning 
regions within the cylinder. 
 
 
Figure 7.15 Locations of high luminosity within the combustion chamber for single injection 
strategy comparing a range of lambda ratios (scale indicates percentage likelihood of pixel 
intensity > 200/255). Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 
325˚ CA, single injection SOI=80˚ CA , 84 cycle average 
 
 
Fuel spray imaging for the single injection strategy highlighted significant levels of fuel 
impingement on to the surface of the piston crown under motored and fired engine 
operation.  However, few regions within the stoichiometric combustion images were 
identified as being above the intensity threshold.  This indicates that there was 
sufficient time available for this liquid fuel film to evaporate from the piston crown 
surface prior to the flame propagating into this location.  As expected, for increasingly 
rich mixtures the probability of high intensity regions being indentified within the 
measurement area was shown to increase.   
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Despite the high levels of fuel impingement observed in the single injection spray 
imaging no piston crown pool fires were observed at lambda ratios greater than 
λ = 0.90.  However, regions of high intensity were evident within the central region of 
the cylinder, which are later shown to originate in the region above the piston crown.  
However, at the richest operating condition tested, λ = 0.85, small pool fires were 
observed to occur.  Figure 7.16 presents a time sequence of combustion images, 
illustrating the development of a small pool fire on the piston crown surface.  This 
region burning with a diffusion flame was located towards the centre of the piston, at a 
crank angle of approximately 46˚ AIT.  This location corresponds to the area of fuel 
impingement identified in the spray images and becomes visible in the images 
approximately 5˚ CA after the flame has propagated through that region.  It was evident 
that as the cycle progresses the pool fire develops in size, before becoming detached 
from the surface approximately 73˚ CA AIT. 
 
 
Figure 7.16 Development of a pool fire on the surface of the piston crown during rich combustion. 
Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA, 
 single injection SOI=80˚ CA , λ=0.85 
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Results of fuel spray imaging presented in Section 7.2.2 for the single injection cases 
highlighted significant levels of fuel impingement onto the surface of the piston crown, 
however, the flame imaging results demonstrated that it was not until the richest 
tested engine operating condition, , λ=0.85, that pool fires were shown to occur.  It is 
likely that this observation is a result of a number of factors:   
 
1) The early single injection strategy with SOI=80 ˚CA ATDC, provides sufficient 
time for the fuel film to evaporate from this surface; 
2) The in-cylinder air motion has a beneficial effect on sweeping away the fuel 
deposits, aiding the rate of evaporation from these impingement locations; 
3) Continuously firing an optical engine will result in surface temperatures 
significantly higher than those encountered in conventional thermodynamic 
engine, increasing evaporation rates.  
 
The final point relating to surface temperatures is of particular importance when 
relating the results discussed within this chapter to the likely effects within a 
conventional thermodynamic engine.  As discussed in, Sections 7.2.1 and 7.3.1, to 
visualise spray formation, fuel impingement and subsequent flame propagation it was 
necessary to operate the engine with the optical liner and optical piston crown.  While 
this provides the required optical access this configuration is prone to increased 
surface temperatures due to the lack of water cooling, compared to a conventional 
thermodynamic engine.  Surface temperatures are known to strongly effect fuel film 
formation and evaporation (Park and Ghandhi, 2005, Stevens and Steeper, 2001), 
therefore further discussion of the expected temperature differences is required to 
enable the results of this investigation to be related to a conventional thermodynamic 
engine.  A number of research groups have quantified surface temperatures within DISI 
engines, including Zhao et al. (1992), Kato et al. (2001) Lee et al. (2006), Steeper and 
Stevens (2000) and Cho et al. (2008).  Steeper and Stevens (2000) compared surface 
temperatures of a conventional aluminium piston to that of a piston with a quartz 
piston crown window, both of which were instrumented with thermocouples.  The 
aluminium piston had a combination of surface mounted and embedded thermocouple, 
while the optical piston crown permitted only surface mounted thermocouples.  At the 
tested engine speed of 1300 rpm, temperatures recorded for the full-metal piston were 
shown to reach approximately 125 ˚C after 60 s of continuous fire operation and 
approximately 155 ˚C after 120 s and continued to rise above 170 ˚C after 170 s.  These 
temperatures were higher than the reported temperatures of 140-160 ˚C obtained 
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from a conventional thermodynamic engine operating at the same speed and load.  
Although no direct comparison was made for continuously fired operation between the 
full-metal and optical pistons, a comparison was made for motored operation and a 
range of skip fired routines.  The surface temperature of the quartz piston crown was 
reported to be approximately 35 ˚C higher than the aluminium piston under motored 
operation.  This temperature difference increased as the percentage of fired engine 
cycles increased, with a temperature difference of 75 ˚C reported when operating the 
engine with 40% fired cycles.   Therefore, considering the higher surface temperatures 
for a continuously fired optical engine, it would be expected for the rate of evaporation 
from the impingement surface to be lower in a thermodynamic engine.  Consequently, 
the likelihood of high luminosity regions within the cylinder and pool fires on the 
surface of the piston crown for a thermodynamic engine will increase, compared to the 
optical engine.  
 
The previous discussion focused on the sensitivity of the single injection strategy to 
changes in lambda ratio.  For stoichiometric operation only a small percentage of the 
total captured engine cycles demonstrated the formation of high intensity regions 
within the cylinder.  Testing at conditions rich of stoichiometric highlighted that 
significant increase in the high luminosity regions.  The locations representative of 
areas burning rich of stoichiometric, and a likely source of soot formation within the 
cylinder.  Comparison of the raw combustion images for stoichiometric operation 
showed no discernable difference in the regions of high intensity between the single 
and triple injection strategies.  However, results obtained while operating rich of 
stoichiometric demonstrated a reduction in the percentage of high intensity regions for 
the triple injection strategy compared to the single injection case.   Therefore the 
following section focuses on comparing the results obtained for the two injection 
strategies at a fuel rich operating condition of λ = 0.90.  Figure 7.17 and Figure 7.18 
present five individual cycles selected from the combustion imaging results each 
identifying the typical locations of high luminosity evident within the combustion 
chamber: 
 
1) Within the pent-roof combustion chamber below the intake valve;  
2) Along the liner walls on both intake and exhaust sides of the cylinder;  
3) Local to the spark plug and fuel injector;  
4) On piston crown surface; and  
5) In-cylinder regions.  
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Cycle 1 
 
 
Cycle 2 
 
 
Cycle 3 
 
 
Figure 7.17 Sequence of flame images for three engine cycles highlighting locations  of particulate 
formation.  Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA, 
 single injection SOI=80˚ CA , λ=0.90 
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Cycle 4 
 
 
Cycle 5 
 
 
Figure 7.18 Sequence of flame images for two engine cycles highlighting locations  of particulate 
formation.  Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 325˚ CA, 
 single injection SOI=80˚ CA , λ=0.90 
 
 
Figure 7.19 and Figure 7.20 present the results of the threshold analysis discussed in 
Section 7.3.2, used to identify the high intensity regions within combustion images.  
Results are presented for single and triple injection strategies over the crank angle 
range from 35˚ CA to 50˚ CA AIT, in increments of 5˚ CA.  To allow for comparison 
between the two injection strategies the same intensity threshold (200/255) was used 
in the analysis, and the same contour levels are used in presenting the results at each 
indicated crank angle. 
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The threshold results, presented in Figure 7.19, for the engine operating under the 
single injection strategy indicates that there was a >5%, likelihood of particulates 
forming in the regions above the surface of the piston crown, 40˚ CA AIT.  This location 
corresponds to the area of fuel impingement identified in the fuel spray imaging 
discussed in Section 7.2.2.  It is important to note that no evidence of pool fires was 
observed in the raw flame images, while operating the single injection strategy, λ = 0.9.  
Therefore, this result highlights that sufficient evaporation of the fuel took place prior 
to the flame interacting with this region, preventing the formation of pool fires on the 
piston crown surface.  However, there was insufficient time available for complete 
evaporation to occur such that a fuel rich region remained in this location by the time 
the flame propagated into this region.  Few areas of high intensity were identified 
within the combustion images prior to 35˚ CA AIT.  This suggests that either there was 
limited particulate formation within the combustion chamber prior to this crank angle, 
or the camera was insensitive to the light intensity from the smallest burning 
particulates generated during the early stages of combustion.  The high intensity 
regions therefore represent a combination of the largest sized particulates and the 
smaller sizes of particulate formed in high number density.  It was concluded that over 
the 35˚ CA period from ignition timing, the smallest sizes of particulate are formed.  
Although these cannot be imaged directly they are expected to occur in the regions of 
increased number density identified later in the engine cycle.  By 60˚ CA AIT the most 
prominent area of high intensity was local to the spark plug and fuel injector nozzle, 
>20%.  After the end of injection once the needle has closed fuel will remain in the sac 
volume and nozzle holes of the fuel injector.  Since there was no driving pressure, after 
the injector needle has closed, this liquid fuel will emerge from these volumes and form 
a film around the injector tip.  Particulate formation in this location is particularly 
important as in a production engine it may lead to deposits forming on the injector tip 
impacting on spray formation and cyclic variability. 
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Figure 7.19 Locations of high luminosity within the combustion chamber for single injection 
strategy operating a fuel rich mixture (λ = 0.9), where the presented scale indicates percentage 
likelihood of pixel intensity > 200/255. Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
ignition timing 325˚ CA, single injection SOI=80˚ CA 
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Figure 7.20 Locations of high luminosity within the combustion chamber for the triple injection 
strategy operating a fuel rich mixture (λ = 0.9) , where the presented scale indicates percentage 
likelihood of pixel intensity > 200/255.  Engine speed 1500 rpm, intake manifold pressure 0.5 bar, 
ignition timing 325˚ CA, triple injection SOI=60˚ CA, 70˚ CA, 80˚ CA 
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The triple injection results presented in Figure 7.20 illustrate similar trends in the data, 
with limited presence of particulates forming prior to 35˚ CA AIT  and a region of high 
luminosity located above the piston crown between 40˚ CA and 55˚ CA AIT.  Comparing 
the intensity distributions at a crank angle location of 50˚ AIT, it was evident that there 
was a reduction in the probability of high intensity regions within the cylinder by 
approximately 10-20% for the triple injection case compared to the single injection 
strategy. 
 
Figure 7.21 presents the total high intensity regions identified at each crank angle for 
the complete set of captured engine cycles.  For the triple injection strategy the area of 
highest particulate formation within the cylinder was in the location of the injector. As 
discussed previously this was a result liquid fuel formation on the injector tip at the 
end of the injection event.  This probability of particulate generation was significantly 
higher for the triple injection strategy, >25%, compared to the single injection case, 
~10%.  This was potentially a culmination of three injection closing events increasing 
the thickness of the liquid fuel film generated in this region.  However, the significant 
result was the overall reduction in particulate formation within the cylinder for the 
triple injection strategy, ~5%, compared to the single injection case, ~10%.  
 
 
Figure 7.21 Comparison of probable particulate locations within the cylinder for single and triple 
injection strategies (λ = 0.9) , where the presented scale indicates percentage likelihood of pixel 
intensity > 200/255.  Engine speed 1500 rpm, intake manifold pressure 0.5 bar, ignition timing 
325˚ CA, single injection SOI=80˚ CA , triple injection SOI=60˚ CA, 70˚ CA, 80˚ CA 
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7.4 In-Cylinder Charge Motion 
 
The fuel spray imaging results for the single injection strategy highlighted several 
locations of fuel impingement within the cylinder.  Tests demonstrated the potential 
for fuel films to form on the cylinder liner and piston crown surfaces and for fuel to 
become secreted in crevice volumes around the piston rings.  These areas being a 
potential source for soot formation and unburned HC emissions. However, despite the 
mass of fuel deposited on the cylinder surface, no pool fires were evident within the 
combustion imaging (λ = 1) and only small regions of high luminosity were identified 
at the later stages of combustion.  This indicates that during the time period from the 
point of impingement to the interaction with the propagating flame, sufficient 
evaporation of the fuel must have taken place to dilute these regions.  This section aims 
at understanding the role the air motion has in transporting the deposited fuel away 
from these locations.  To achieve this, high speed, 5 kHz, PIV has been completed over a 
30 mm measurement region at the location of fuel impingement.  
 
To fully comprehend the role of the flow field structures at the location of fuel 
impingement, it was necessary to first have a global understanding of the flow field 
structures generated during the intake process.  It was previously discussed in 
Chapter 6, that the high velocity intake valve jet entering the cylinder, forms two 
counter rotating flow structures with the cylinder.  As the piston approached BDC, the 
clockwise rotating eddy on the exhaust side of the cylinder dominated the flow and it 
was this flow structure that persisted through to the end of the compression stroke.  
Results also demonstrated that the process of injecting fuel into the cylinder had 
limited effect on this bulk flow formation, consequently it would be expected that the 
deposited fuel remaining on these surface would be swept away from the liner walls 
and back into the cylinder by these counter rotating flow structures.  This flow process 
is illustrated in Figure 7.22 and Figure 7.23, presenting the mean velocity vector fields 
over the crank angle range from 166˚ CA to 280˚ CA, calculated from 1.5 kHz PIV data 
captured on the tumble plane of the cylinder bore centre line. 
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Figure 7.22 Mean flow field development within the cylinder over crank over the  
crank angle range from 166˚ CA to 274˚ CA captured using 1.5 kHz PIV.  
Engine speed 1500 rpm, intake manifold pressure 0.5 bar 
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Figure 7.23 Mean flow field development within the cylinder over crank over the  
crank angle range from 166˚ CA to 274˚ CA captured using 1.5 kHz PIV. 
 Engine speed 1500 rpm, intake manifold pressure 0.5 bar 
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7.4.1  Experimental Setup 
 
Velocity field measurements were obtained using the New-wave Research High Speed 
Pegasus Particle Image Velocimetry (HSPIV) system.  This system incorporates a 
Nd:YLF New-Wave Pegasus laser and a Photron APX-RS CMOS camera, all controlled by 
a TSI synchronisation unit details of which were discussed previously in Chapter 3.   
 
The output from the Nd:YLF laser was formed into a light sheet approximately 40 mm 
in width and 2 mm in depth at the measurement region using a positive focal length 
spherical lens and a negative focal length cylindrical lens.  The laser sheet was 
introduced into the cylinder directly through the optical liner, providing illumination of 
the flow in the near wall region where fuel impingement was observed to occur.  The 
CMOS camera was mounted perpendicular to the light sheet on an x-y traverse, 
allowing for accurate positioning of the image area within the cylinder.  The 30 mm by 
30 mm measurement region was located such that the fuel spray penetrated through 
the image area and impinged on the surface of the piston crown.  To trace the in-
cylinder air motion, silicon oil droplets were introduced into the intake plenum prior to 
being inducted into the engine during the normal intake process.  This was achieved 
using a TSI six jet atomizer to generate flow tracer oil droplets with a nominal diameter 
of 1-2 µm.  
 
HSPIV data was captured over a 63˚ CA range from 80˚ CA to 143˚ CA, providing 35 
instantaneous velocity vector fields per engine cycle.  A total of 100 engine cycles was 
captured for each measurement condition.  The image pairs were processed using the 
TSI Insight 3G software utilizing a Fast Fourier Transform (FFT) cross-correlation 
routine with a Gaussian peak search algorithm.  Interrogation regions were 32 by 32 
pixels in size equating to approximately a 1.88 mm by 1.88 mm region in the flow for 
the 30 mm region size.  A 50% interrogation region overlap was also included to 
provide a measurement spacing of 0.94 mm in the vector field for the 30 mm 
measurement region.   
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7.4.2 Post Processing of PIV Vector Fields 
 
The aim of the engine testing was to investigate the interaction between the fuel spray 
and the in-cylinder air.  The measurement area was therefore purposefully located to 
capture fuel spray within the image.  Figure 7.24 illustrates the location of the HSPIV 
measurement region within the cylinder including an image of the fuel spray structure 
at the corresponding region and an example HSPIV vector field. 
 
 
 
 
Figure 7.24 Schematic of the high speed (5 kHz) PIV measurement area, highlighting the region in 
relation to the fuel impingement locations and including a example velocity vector field 
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Post processing of the images was required to determine the locations of the fuel spray, 
and generate a corresponding mask which could be applied to the corresponding 
vector fields.  A automatic spray edge detection routine was written in MATLABTM to 
complete this process on all the HSPIV vector fields.  The program essentially 
functioned the same as the flame filtering routine discussed previously.  The program 
loads in the raw particle image forming a pixel intensity matrix.  The program then 
scans through each matrix location establishing whether the pixel intensity was greater 
than a defined threshold value, and that neighbouring intensity values are within a 
specific tolerance.  Regions within the spray were allocated a value of ‘0’ and all other 
locations a value of ‘1’, effectively binerising the spray image.  This binerised matrix 
was the same size as the raw particle image and not the velocity vector field, therefore 
the program resized the mask to match the processed velocity vector field.  The 
location of the PIV measurement region also meant that the piston moved through the 
image, therefore an additional geometric mask was required to remove the appropriate 
area of the vector field depending on the crank angle position.  A final mask was 
therefore generated to account for both fuel spray and the piston within the image 
area.  The final stage of the MATLABTM program was to multiply the velocity vector 
field by its corresponding mask, such that the fuel spray present within the image was 
removed, leaving only the air motion.    
 
 
7.4.3 Results and Discussion 
 
Figure 7.27 to Figure 7.32 present three sets of two vector fields captured in the 
location of fuel impingement identified and discussed in Section 7.2.  The first of the 
three sets correspond to flow field measurement without fuel injection, the second 
adopting a single injection strategy and the third a triple injection strategy.  Each set 
consist of two separate figures, the first contains a time sequence of velocity vector 
fields over the crank angle period of 108.8˚ CA to 128.6˚ CA at a temporal resolution of 
1.8˚ CA.  The second Figure, highlights the variability in flow structures within this 
measurement location presenting a time sequence of vector fields from 108.8˚ CA to 
123.2˚ CA for four different engine cycles. 
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The flow field structures for motored engine operation without fuel injection highlights 
a high velocity flow, ~15 m.s-1, travelling along the liner wall in a downward direction 
towards the piston.  This flow motion was a result of the large scale flow structures 
generated during intake.  The results of large area PIV captured over the intake stroke 
are presented in Figure 7.22, illustrating the formation of two counter rotating flow 
structures within the tumble plane of the cylinder.  As these flow structures develop 
through the intake stroke the near-wall flow aligns its self to this dominant flow 
direction, resulting in a the charge motion travelling along the liner wall towards the 
piston.  This high velocity flow was restricted by the position of the piston, causing the 
flow to be redirected across the top of the piston crown with a velocity in the range of 
10-15 m.s-1.  This motion generates a recirculating flow structure above the surface of 
piston.  Results obtained from spray imaging showed that the fuel spray impinged onto 
the piston crown before propagating towards the liner wall.  This spray motion was in 
the opposite direction to the charge motion captured within this same region.  It can be 
concluded that during this early stage of the impingement process the flow momentum 
was insufficient to prevent the spray from propagating towards the liner wall.  
However as the spray loses its momentum following the initial impact the air motion 
will begin to have greater control over the direction of the fuel spray.  The subsequent 
flow field interaction with the deposited fuel can be summarised in two key points: 
 
1. The results of spray imaging highlighted that following the initial impingement, 
the fuel spray was observed to propagate into the liner wall where fuel would 
be expected to be deposited on the liner walls. 
 
2. The cross flow across the top of the piston crown will have a beneficial effect on 
sweeping deposited fuel off the surface back into the cylinder, aiding 
evaporation.  This process was supported by the flame imaging which showed 
no evidence of pool fires on the piston crown despite the large mass of fuel 
shown to impinge on its surface within the spray images. 
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To further investigate this interaction with the fuel spray following the initial fuel 
impingement HSPIV was completed within the same measurement area and for the 
same crank angle range, for single and triple injection strategies.  To highlight this 
interaction Figure 7.25 presents three enlarged velocity vector fields surrounding the 
residual fuel spray, following the initial fuel impingement onto the piston crown. 
 
 
Figure 7.25 HSPIV vector field illustrating the interaction of in-cylinder flow structures with the 
fuel spray following fuel impingement 
 
As was previously discussed in the Experimental Configuration section of this chapter, 
HSPIV data (5 kHz) was captured over a 63˚ CA range from 80˚ CA to 143˚ CA, 
providing 35 instantaneous velocity vector fields at a 1.8˚ CA resolution (1500 rpm). 
Figure 7.26 provides enlarged images of the velocity vector fields at crank angle 
locations of 112.4˚ CA and 123.2˚ CA, for the engine operating with the standard single 
injection strategy.  Furthermore, Figure 7.27, Figure 7.29 and Figure 7.31 present a 
sequence of spray images over the crank angle range from 108.8˚ CA to 128.6˚ CA, for 
the motored, single injection (SOI=80˚ CA, 0.98 ms) and triple injection cases 
(SOI1=60˚ CA, 0.33 ms, SOI2=70˚ CA, 0.33 ms, SOI3=80˚ CA, 0.33 ms).  The effect of the 
post processing routine was evident in the first few vector fields, masking the areas 
corresponding to excess fuel within the captured images preventing successful cross 
correlation from being achieved.  The presented vector fields show evidence of the flow 
beginning to sweep the spray across the top of the piston away from the liner wall.  As 
previously discussed this process will be beneficial to the evaporation and transport of 
fuel deposits away from these locations.  Similar flow processes are evident in the 
single and triple injection velocity vector fields.  In both cases the flow was observed to 
travel across the top of the piston crown.  Considering the reduced mass of fuel shown 
to impinge on the surface of the piston crown for the triple injection strategy it would 
be expected that the flow motion would be more effective at removing any fuel 
deposits compared to the single injection case. 
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a) Single injection pent-roof flow field (112.4˚ CA ATDC) 
 
b) Single injection pent-roof flow field (123.2˚ CA ATDC) 
 
Figure 7.26 Example HSPIV vector fields captured at fuel impingement locations within the 
cylinder of the optical engine.   
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Figure 7.27 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 128.6˚ CA ATDC (no injection). Engine speed 1500 rpm, intake manifold 
pressure 0.5 bar 
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  Cycle 1  Cycle 2   Cycle 3   Cycle 4 
 
 
 
 
Figure 7.28 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 123.2˚ CA ATDC (no injection) illustrating four individual cycles.  Engine 
speed 1500 rpm, intake manifold pressure 0.5 bar 
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Figure 7.29 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 128.6˚ CA ATDC.  Engine speed 1500 rpm, intake manifold pressure 
0.5 bar, single injection SOI=80˚ CA (0.98 ms) 
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Cycle 1   Cycle 2   Cycle 3   Cycle 4 
 
 
 
 
Figure 7.30 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 123.2˚ CA ATDC (single Injection) illustrating four individual cycles.  
Engine speed 1500 rpm, intake manifold pressure 0.5 bar, single injection SOI=80˚ CA (0.98 ms) 
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Figure 7.31 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 128.6˚ CA ATDC. Engine speed 1500 rpm, intake manifold pressure 
0.5 bar, triple injection SOI=60˚ CA (0.33 ms),  70˚ CA (0.33 ms) and  80˚ CA (0.33 ms) 
ExhaustIntake
108.8˚ CA 110.6˚ CA 112.4˚ CA
114.2˚ CA 116.0˚ CA 117.8˚ CA
119.6˚ CA 121.4˚ CA 123.2˚ CA
125.0˚ CA 126.8˚ CA 128.6˚ CA
Vel Mag 
(m.s-1) 
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Cycle 1   Cycle 2   Cycle 3   Cycle 4 
 
 
 
 
Figure 7.32 Time sequence of high speed (5 kHz) PIV velocity vector fields illustrating charge 
motion from 108.8˚ CA to 123.2˚ CA ATDC (triple Injection) illustrating four individual cycles.  
Engine speed 1500 rpm, intake manifold pressure 0.5 bar, triple injection  
SOI=60˚ CA (0.33 ms), 70˚ CA (0.33 ms) and  80˚ CA (0.33 ms) 
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7.5 Concluding Remarks 
 
This chapter has discussed the adoption of a triple injection strategy for the purpose of 
reducing direct fuel impingement, with the aim of reducing particulate formation 
within the cylinder.  A combination of high speed, 9 kHz, spray imaging and flame 
imaging and high speed, 5 kHz, PIV has been completed within the combustion 
chamber of the Jaguar optical engine operating with the single and triple injection 
strategies.  Based on these previously discussed results the following conclusions can 
be drawn: 
 
1. It was demonstrated that for single injection motored engine operation a 
significant mass of fuel impinges on the surface of the piston crown and 
propagate into the crevice regions around the piston rings.  These results 
demonstrate the potential impact of adopting this early single injection strategy 
on levels of fuel impingement, particulate formation and HC emissions under 
cold start conditions.  During this period of engine operation it would be 
expected that incomplete combustion would be evident in these locations 
resulting in the formation of soot and emission of unburned HC. 
 
2. The fired engine results showed a thinning of the spray plumes within the 
spray plumes due to increased spray evaporation.  It was believed that this was 
a result of higher injector tip temperatures increasing spray vaporisation, 
higher cylinder temperatures due to the presence of exhaust residuals and 
greater heat transfer between the spray and the impingement surface 
increasing evaporation rates.   However, despite this increased level of 
evaporation and the resultant reduction in spray tip penetration, fuel 
impingement on the piston crown and liner walls remained evident in the 
images. 
 
3. Adopting a triple injection strategy was shown to reduce the levels of fuel 
impingement in the previously mentioned locations.  This was a result of the 
reduced fuel mass being injected on each pulse, reducing the spray momentum 
and therefore reducing the spray tip penetration through the cylinder.  It was 
evident that under fired engine operation sufficient time was available for the 
majority of the fuel from each injection pulse to evaporate and mix with the 
cylinder air prior to the following spray plume propagating through that region.  
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Adopting the triple injection strategy was therefore shown to reduce but not 
completely eradicate fuel impingement on the piston crown surface. 
 
4. Flame imaging completed for the single injection strategy highlighted several 
regions of high luminosity with the cylinder during the later stages of 
combustion.  This regions were shown to correspond to areas of fuel spray 
impingement on the piston crown surface and along the liner walls.  High 
luminosity regions were also evident around the injector.  This was particularly 
important for a thermodynamic engine as this may lead to deposits forming 
around the injector tip affecting the repeatability of spray formation within the 
cylinder, impacting on mixing and therefore cyclic variability. 
 
5. A noticeable reduction in high luminosity regions within the flame images was 
evident for the triple compared to single injection strategies.  This was 
potentially attributed to improved mixing for the triple injection strategy due 
to an in increase in time available for evaporation to take place, combined with 
reduced fuel impingement on the surface of the cylinder and piston.   
 
6. Flame imaging results also demonstrated the potential to operate the engine 
rich of stoichiometric, up to lambda ratio of λ = 0.9, without a significant impact 
of the high luminosity regions, in contrast to the single injection strategy.  This 
is of particular significance for the production engine given the variability of 
AFR across each engine cylinder and over time and the potential advantage the 
triple injection strategy may have in terms of flexibility during engine 
calibration    
 
7. Flow field structures were quantified over a 30 mm region near the liner wall 
using high speed, 5 kHz, PIV.  Velocity vector fields were obtained under for no 
injection as well as for single and triple injection strategies.  Results highlighted 
a dominant flow down the liner wall, before being redirected across the top of 
the piston crown and back into the centre of the cylinder.  This flow motion is 
believed to aid the transport of liquid fuel deposited on the surfaces back into 
the cylinder.  As a result, by the time the flame interacts with these regions the 
mass of fuel remaining has significantly reduced, with a positive effect on soot 
formation and unburned HC emissions. Similar flow structures were evident for 
the single and triple injection strategies. 
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8.1 Research Summary 
 
The research discussed within this thesis has focussed on in-cylinder flow and 
combustion within a single cylinder Jaguar DISI optical engine.   As discussed in 
Chapter 1 there are currently two primary areas of current concern for automotive 
engine manufacturers, namely: 
 
1) Cycle-to-Cycle Variation 
There is currently legislation in place within Europe requiring automotive 
manufacturers to reduce CO2 emissions.  A target of 95 gCO2.km-1 by 2020 has 
been outlined within the legislation, with significant financial penalties for non-
compliance.  Considering these stringent targets further advances in the 
understanding and optimisation of IC engines is required.  One of the limiting 
factors in this development is cycle-to-cycle variation in flow processes e.g. 
spray formation, AFR distribution, flow field structures, residuals etc.,  which 
are known to impact upon combustion stability and reduce fuel economy and 
increase CO2 emissions.   
 
2) Particulate Formation 
There are real concerns for DISI engines regarding their tendency to emit soot 
nanoparticulates. Considering the high fuel injection pressures (~150 bar) 
being utilised within DISI engines there is increased likelihood for fuel 
impingement and deposit formation on the surfaces of the combustion 
chamber.  This results in the formation of liquid fuel films, which if they have 
not evaporated prior to the flame interacting with these regions results in the 
locally rich regions of combustion increasing the likelihood of soot forming 
within the cylinder.  Consequently reducing the levels of fuel impingement is of 
considerable interest to IC engine manufactures.   
 
To quantify the in-cylinder flow processes which affect the above issues, a range of 
optical measurement techniques have been utilised.  These include high speed (9 kHz) 
imaging, high speed (9 kHz)  laser sheet flow visualisation and high speed (1.5 kHz and 
5 kHz) particle image velocimetry  to provide further understanding of spray 
formation, flame propagation and air motion, and their impact on combustion stability.  
The main findings obtained from these areas of work can be summarised as follows: 
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Chapter 4 discussed the setup of a dual location high speed, 9 kHz, imaging system 
capturing crank angle resolved flame images through the pent-roof and piston crown 
windows simultaneously with cylinder pressure data acquisition.  Flame growth speeds 
and displacements were quantified for a range of engine operating conditions including 
a lambda sweep, ignition timing sweep and fuel injection timing sweep.  Results 
demonstrated the potential for flame imaging to provide additional information 
relating to combustion phenomena early in the cycle that the cylinder pressure data 
cannot reliably capture on a cycle-to-cycle basis.  Correlation analysis between flame 
growth speeds and pressure derived combustion parameters (peak pressure, time to 
10% MFB etc.) demonstrated the link between flame propagation and engine 
performance.  Correlating flame speed at specific crank angle locations with peak 
pressure showed that it was the flow and thermodynamic conditions local to the spark 
plug at the time of ignition that has greatest influence of the combustion process for 
that particular engine cycle.  It was also demonstrated that further gains in engine 
performance and stability can be achieved by optimising the fuel injection timing. 
 
Chapter 5 demonstrated the application of a high speed, 5 kHz, particle image 
velocimetry (HSPIV) system to the measurement of flow field structures within the 
pent-roof combustion chamber of a fired DISI engine.  The levels of turbulence that 
exist within each cycle have been calculated as a root mean square (RMS) velocity and 
correlated with combustion parameters including peak pressure, IMEP and MFB.  In 
order to determine the range of spatial and temporal scales of turbulence that affect the 
burn rate and IMEP, frequency analysis was carried out upon the velocity field data.  
This analysis was achieved by FFT filtering of the HSPIV data captured in the vicinity of 
the spark plug, separating the velocity fields into low frequency bulk motion and high 
frequency turbulence components. The results demonstrate that removing fluctuating 
components with a frequency below 240 Hz successfully removes the variation in bulk 
motion from the calculation of turbulence, revealing the relationship between high 
frequency turbulence and charge consumption. Moreover, FFT filtering of fluctuating 
components above 600 Hz reduced the correlation between high frequency turbulence 
and IMEP, demonstrating the influence of these high frequency/small scale turbulent 
structures on flame propagation rate, and thereby rate of charge consumption, engine 
performance and combustion stability. 
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Chapter 6 investigated the potential to utilise the high pressure fuel injection event to 
influence the flow field structures within the cylinder of the Jaguar optical engine.  Flow 
field development during intake and compression was quantified using 1.5 kHz PIV, 
with and without a single fuel injection pulse (SOI=80˚ CA ATDC, 0.98 ms duration).  
PIV results indicated that the direction of bulk flow motion did not change for the 
injected case, with the single clockwise rotating eddy remaining evident within the 
cylinder.   However, a noticeable difference in the velocity magnitude and distribution 
was shown, with the spray suppressing the high velocity flow on the exhaust side of the 
cylinder.  The potential to utilise the high pressure fuel injection event to increase in-
cylinder turbulence was investigated using a series of double injection strategies 
consisting of a first injection pulse occurring at 80˚ CA ATDC, and a series of second 
injection timings occurring at 120˚ CA, 160˚ CA, 200˚ CA and 240˚ CA ATDC.  Analysis of 
the flow field data, captured within the pent-roof combustion chamber, showed an 
increase in turbulence post fuel injection.  However, this turbulence decreased through 
the remaining part of the compression stroke such that similar magnitudes in 
turbulence were calculated for the double injection strategies, compared to the 
standard single injection case at the point of ignition. 
 
Chapter 7 discussed the adoption of a triple injection strategy for the purpose of 
reducing direct fuel impingement, with the aim of reducing particulate formation 
within the cylinder.  A combination of high speed, 9 kHz, spray imaging and flame 
imaging and high speed, 5 kHz, PIV has been completed within the combustion 
chamber of the Jaguar optical engine operating the single and triple injection strategies.  
Adopting a triple injection strategy was shown to reduce the levels of fuel impingement 
on the surface of the piston crown compared to the standard single injection timing.  
This was a result of the reduced fuel mass being injected on each injection pulse, 
reducing the spray momentum and therefore reducing the spray tip penetration 
through the cylinder.  It was evident that under fired engine operation sufficient time 
was available for the majority of the fuel from each injection pulse to evaporate and mix 
with the cylinder air prior to the following spray plume propagating through that 
region.  The apparent improvement in fuel/air mixing and reduced levels of 
impingement on the piston crown surface lead to a noticeable decrease in the high 
luminosity regions within the flame.  The bulk flow motion established within  the 
combustion chamber was shown to have positive effect the transport of liquid fuel 
deposited on the surfaces back into the cylinder.   
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8.2 Conclusions 
 
The research discussed within this thesis has led to an improved understanding on in-
cylinder flow, mixing and combustion within DISI engines.  Based on the analysis of 
empirical data captured from the Jaguar single cylinder optical engine the following 
major conclusions can be drawn: 
 
Chapter 4: The effect of engine operating parameters on DISI engine combustion –The 
following conclusions can be drawn from the analysis of  data captured from high speed 
(9 kHz) dual location flame imaging through the pent-roof and piston crown windows 
and simultaneous pressure acquisition: 
 
Conclusions from ignition timing sweep: 
1. Correlating flame growth speed at specific crank angle locations with peak 
cylinder pressure demonstrated that it was the flow and thermodynamic 
conditions over the 2-3 ms period following spark ignition that has greatest 
influence on the combustion process for that particular engine cycle. 
2. Correlations between flame growth speed and peak cylinder pressure were 
established for ignition timings of 25˚ CA, 30˚ CA, 35˚ CA and 40˚ CA BTDC, with 
correlation coefficients of R = 0.76, 0.72, 0.70 and 0.75 respectively. 
3. Correlations were also evident between flame growth speed and time to 10% 
MFB for ignition timings of 25˚ CA, 30˚ CA, 35˚ CA and 40˚ CA BTDC, with 
correlation coefficients of R = -0.80, -0.80, -0.82 and -0.84 respectively. 
 
Conclusions from fuel injection timing sweep: 
4. The effect of single injection timing (SOI = 40˚ CA to 120˚ CA ATDC, 20˚ CA 
increments) on flame propagation was investigated.  Correlations between 
flame growth speed and peak cylinder pressure (R = 0.83) and time to 10% 
MFB (R = -0.88) were calculated based on the captured 1000 engine cycles from 
all injection timing tests cases. 
5. The highest flame growth speed of 11.8 m.s-1 was calculated for injection 
timings of 140˚ CA and 160˚ CA, leading to reduced times to 10% and 90% MFB, 
the highest peak pressure of 15.3 bar and lowest COVIMEP of 1.28 bar. 
6. Late injection timings occurring after 180˚ CA ATDC were shown to propagate 
in a more ‘spherical’ manner through the combustion chamber, with a mean 
centroid displacement of 6 mm from the spark plug.  
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Chapter 5: The influence of turbulent flow structures on DISI engine performance – The 
following conclusions have been drawn from the analysis of scales of turbulent flow 
structure within the pent-roof combustion chamber using high speed (5 kHz) PIV data 
captured and simultaneous pressure acquisition: 
 
1. A direct correlation between the time for 10% MFB and the time for 90% MFB 
was demonstrated, with a correlation coefficient R = 0.81.  The rate of charge 
consumption early on in the cycle therefore provides a good indication of the 
total consumption rate. This was due to either the conditions present at ignition 
dominating the total combustion event or that these conditions are perpetuated 
throughout the remainder of the cycle.  
2. No correlation between total turbulence and engine output was identified. 
However, a correlation between the high frequency component of turbulence 
and IMEP was found to exist. 
3. Removing frequencies of motion below 240 Hz was found to extract the 
variation in the flow associated with bulk motion. 
4. Continuing to remove frequencies up to 600 Hz had little effect on the 
correlation (R = 0.41) demonstrating that these scales of motion have little 
impact upon charge consumption. 
5. Removing frequencies above the level of 600 Hz reduced the dependence of 
IMEP on u'HF, indicating that these scales influence the combustion event. 
6. Correlations were also shown to exist between u’HF and time to 10% MFB  
(R = -0.53) highlighting the importance of high frequency (>600 Hz) turbulence 
on early flame development.  
 
 
Chapter 6: The influence of fuel injection scheduling on flow and combustion – The 
following conclusions have been drawn from PIV data captured at a frequency of 
1.5 kHz within the cylinder and pent-roof combustion chamber, while operating the 
engine with and without fuel injection: 
 
1. Flow field development during intake and compression were quantified using 
1.5 kHz PIV, with and without a single fuel injection pulse (SOI=80˚ CA ATDC, 
duration 0.98 ms).  Results indicated that while the direction of bulk flow 
motion did not change for the injected case a noticeable difference in the 
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velocity magnitude and distribution was evident.  However, as the piston 
approached TDC the difference in bulk motion had significantly reduced. 
2. The potential to utilise the high pressure fuel injection event to increase in-
cylinder turbulence was investigated using a series of double injection timings, 
with the first injection pulse occurring at 80˚ CA ATDC, and a series of second 
injection timings occurring at 120˚ CA, 160˚ CA, 200˚ CA and 240˚ CA ATDC. 
3. Of the four tested double fuel injection strategies, the smallest increase in 
turbulence, calculated either side of the second injection event, occurred for the 
120˚ CA ATDC case, where ∆u’ = 0.12 m.s-1.  The largest increase in turbulence 
occurred for the 160˚ CA ATDC case, where ∆u’ = 0.62 m.s-1, while similar 
magnitudes in turbulence of ∆u’ = 0.35  m.s-1, were calculated for timings 
occurring at 200˚ CA and 240˚ CA ATDC.  
4. Comparison of trends in turbulence for the double injection strategies with the 
single injection case showed that a second injection timing occurring 160˚ CA 
resulted in the largest increase of ∆u’ = 0.73 m.s-1, while an early injection 
timing of 120˚ CA had the least effect with an increase of ∆u’ = 0.22 m.s-1. 
5. Comparison of the turbulence at ignition timing, 325˚ CA ATDC, demonstrated 
negligible difference compared with the single injection strategy. 
 
 
Chapter 7: Fuel spray structure, flame propagation and charge motion at fuel 
impingement locations – The following conclusions have been drawn from the analysis 
of high speed (9 kHz) laser sheet imaging of fuel spray, 9 kHz imaging of flame 
propagation and 5 kHz PIV data captured at fuel impingement locations for single and 
multiple injection strategies: 
 
1. Operating the DISI optical engine at an engine speed of 1500 rpm, an intake 
manifold pressure of 0.5 bar and with a single injection duration of 0.98 ms to 
achieve stoichiometric combustion resulted in fuel impingement in four main 
areas: back of intake valves, piston crown surface, cylinder liner and spark plug 
electrode. 
2. Static engine spray imaging was completed for the single injection strategy, 
occurring at 80˚ CA ATDC and triple injection strategy, occurring at 60˚ CA, 
70˚ CA and 80˚ CA.  Results demonstrated that for the triple injection case no 
significant fuel impingent was observed on the surface of the piston crown over 
the same time duration as the single injection case, 6 ms. 
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3. Under motored and fired engine operation, the magnitude of fuel impingement 
onto the surface of the piston crown reduced while operating the triple 
injection strategy.  This resulted from the reduced mass of fuel injected in each 
pulse, reducing the spray momentum and therefore the spray tip penetration 
through the cylinder. 
4. As a result of reduced fuel impingement and increased time for evaporation to 
take place, a 5% reduction in the high luminosity regions was calculated, based 
on flame image analysis for the triple injection strategy compared to the single 
injection case. 
5. The triple injection strategy showed the potential to operate the engine rich of 
stoichiometric, up to a lambda ratio of λ = 0.9, without a significant impact on 
the high luminosity regions within the flame, compared to the single injection 
strategy. 
6. Flow field structures quantified over a 30 mm square region near the liner wall 
using 5 kHz PIV showed a bulk flow motion propagating along the liner wall 
before being directed across the piston crown and back into the centre of the 
combustion chamber, aiding the evaporation of fuel deposited in these regions. 
 
 
8.3 Recommendations for Further Work 
 
The research discussed in this thesis has demonstrated the fundamental link between 
turbulent flow and pressure related combustion parameters (e.g. peak cylinder 
pressure, IMEP, MFB).  Decomposition of the flow field through the engine cycle into 
low frequency bulk motion and high frequency turbulence has been completed through 
the application of a FFT frequency filtering routine.  Results have demonstrated that it 
was specific scales of turbulence that have greatest influence of flame propagation and 
combustion stability.  This work has highlighted the requirement to further investigate 
the interaction between these small scale high frequency flow structures and the 
propagating flame front.  Three additional studies have been identified that will further 
improve knowledge within this area: 
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1. Extended understanding of a 3-dimensional flow 
The HSPIV system used to quantify the in-cylinder flow field within cylinder had 
the capability to capture velocity vector fields with a high spatial and temporal 
resolution.  However,  as highlighted in the Literature Review, Chapter 2,  this 
technique has the limitation of only enabling the two in-plane velocity components 
to be quantified.  To provide a more comprehensive understanding of the three-
dimensional flow two additional research areas are suggested: 
 
a) To account for the spatial variation of flow structures through the cylinder 
volume the statistical relevance of the results discussed within this thesis 
could be extended by repeating the HSPIV test conditions on additional 
planes and at different locations within the cylinder.  For example, the 
turbulence analysis discussed in Chapter 5 was completed for HSPIV data 
captured in the tumble plane located at the centre of the cylinder.  Offsetting 
this tumble plane in either direction in increments of 5 mm would provide 
further understanding of the in-cylinder flow field.  Furthermore, 
considering the flow and flame growth is highly three-dimensional it is 
recommended that analysis is repeated for HSPIV data captured on the 
swirl plane within the pent-roof combustion chamber.  Similarly, the results 
relating to the interaction between the injected fuel spray and in-cylinder 
charge motion (Chapter 6) focussed on a single plane at a fixed location 
within the cylinder.  Obtaining data at offset planes, would provide further 
understanding of this interaction and allow for more definitive conclusions 
to be drawn. 
 
b) The application of a high speed stereoscopic PIV system (Section 2.4.3) to 
quantify the in-cylinder flow field would provide detailed information on all 
three components of velocity within the measurement area.  To apply 
stereo HSPIV to the optical engine discussed within this thesis a series of 
modifications to its layout are required.   This includes relocating the 
cylinder head supports to provide the required optical accesses for the two 
camera arrangement.  The design of a new camera mounting system would 
also be required to provide the accurate control of the x-y positioning for 
two cameras and there viewing angle.  Completing stereo HSPIV in the 
combustion chamber would provide valuable data on the turbulence at the 
time of spark ignition and its interaction with the propagating flame front. 
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2. Turbulence and length scale analysis of in-cylinder flow 
The link between specific scales of turbulent flow structure and engine 
performance parameters was discussed within Chapter 5.  The results 
demonstrated that it was frequencies of motion greater than 600 Hz that had 
greatest effect on IMEP and MFB.  The limitation of this research with regards to the 
results being based on a two-dimensional representation of a three-dimensional 
flow was accounted for in the previous recommendation point.  However this 
research could be extended to provide further understanding of the length scales 
present within the cylinder at the time of ignition.  While auto-correlation of data 
within the PIV vector field would provide additional information on the length 
scales, it doesn’t account for the spatial variation through the cylinder. One 
potential technique would be to use dual plane HSPIV, whereby two light sheets are 
formed within the cylinder of different polarisation, offset initially by a small 
distance.  By increasing the separation between the light sheets quantification of 
the turbulent length scales with the combustion chamber can be achieved and the 
link with engine performance and stability further investigated. This technique 
would however require the use of two HSPIV systems, increasing setup and 
analysis complexity. 
 
3. Local interaction between turbulent flow and propagating flame front 
Research has recently been carried out by Long et al. (2010), investigating the 
fundamental interaction between flame and flow within a twin-chamber 
combustion bomb.  As part of this research a new algorithm was developed to 
calculate the local burning velocity around the flame edge as it interacts with a 
rotating flow.  Capturing both the movement of the flame and the flow required the 
use of a single-shot asynchronous PIV arrangement.  The use of two high speed 
laser/camera systems arranged in the same optical configuration and applied to the 
Jaguar optical engine would provide valuable information regarding the interaction 
of these small scale flow structures and the propagating flame front. 
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